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ABSTRACT
The cobia, Rachycentron canadum, is recognized as a leading candidate for 
warmwater marine aquaculture based on rapid growth rates, tolerance to captivity, and 
excellent quality meat. An initial investigation into the feasibility of cobia aquaculture in 
the U.S. was conducted at the Virginia Institute of Marine Science, Gloucester Point, 
Virginia, USA. Cobia induced to spawn in captivity using salmon gonadotropin-releasing 
hormone analog (sGnRHa) produced viable eggs that had an estimated fertilization rate 
of 30 percent. Larvae were fed rotifers, copepods, and a microparticulate diet 3 days post 
hatch (dph) and Artemia beginning 8 dph. Juveniles were weaned to commercial feed by 
45 dph. Fish grew to 599.9 ± 6.76 mm (mean ± SE) and 1726.7 ± 58.01 g (mean ± SE) 
in nine months and some attained greater than 3 kg in 12 months. Male fish had mature 
sperm in the testis at nine months; however, previously undescribed hermaphroditism 
was observed in 3 of 11 male specimens examined. Potential market sized cultured cobia 
compared to wild cobia had a significant difference in over-all flavor, but no strong 
preference for either fish was identified and the cultured cobia meat was well received. 
The promising results of this study warrant further investigation into cobia culture in 
order to develop predictable and economical methods for commercial aquaculture.
Cobia (Rachycentron canadum) Aquaculture: Captive Growth Rates and
Product Quality Evaluation
2INTRODUCTION
Recently, considerable interest has developed in the culture of cobia, 
Rachycentron canadum, a coastal marine species that grows fast (Franks et al. 1999, Su 
et al. 2000) and is known for its fine taste and as an excellent sport fish. Until the last 
decade, published literature on cobia biology and culture methods was limited, but new 
research overseas and along the United States (U.S.) East Coast has begun to fill the void. 
Reports of large-scale commercial culture of cobia in Taiwan have provided strong 
evidence for investigating the feasibility of cobia aquaculture in the U.S. Rapid 
development of cobia aquaculture in Taiwan has led to the growth of commercial culture 
of cobia in the region and production of cobia is predicted to reach 3,000 metric tons (mt) 
in 2001 (Su et al. 2000). Insights into the reproductive biology of cobia of Gulf of 
Mexico have provided evidence of batch spawning and improved on previous estimates 
of relative fecundity of female cobia (Brown-Peterson et al. 2001). In September 2000, 
U.S. researchers and commercial producers convened to discuss the status of cobia 
aquaculture and to identify areas of research needed for the development of commercial- 
scale production. The areas of research identified as most critical for advancement of 
cobia culture included reproductive, hatchery and grow-out technology, environmental 
compatibility, economic feasibility and marketing, policy and regulation, and outreach 
and education. In the U.S. cobia culture is still in its infancy, as specific requirements for 
reliable spawning, larval rearing and weaning, and juvenile production have yet to be 
investigated.
3Current Status of Marine Finfish Aquaculture
Total world fisheries production has reached record levels in recent years. In 
1999, world fisheries production reached an estimated 125.2 million mt, with aquaculture 
production accounting for an estimated 32.9 million mt or about 26 percent of total 
fisheries production (FAO 2000). From 1994 to 1999, world aquaculture production 
increased by approximately 58 percent and marine aquaculture production - including 
fishes, invertebrates, and marine plants - has grown by 50 percent (from 8.7 to 13.1 
million mt) over the same time period (FAO 2000). Capture fisheries production has 
remained steady over the last decade, and aquaculture production accounted for most of 
the 20 million mt increase in total fisheries production (FAO 2000). The majority of 
world finfish aquaculture production is based largely on freshwater species in Asia and is 
dominated by carp culture that reached an estimated 10.9 million mt in 1995 (FAO 1997). 
Culture of marine finfish accounted for only 1.9 percent of world fishery production in 
1999 -  781,000 mt, but accounted for 6.5 percent of the total value of fishery production 
(FAO 2000).
In 1995, over 97 percent of marine fish culture production came from 12 countries 
with Japan and China accounting for 39.6 percent and 38.5 percent of marine fish 
production respectively. In Japan, the predominant culture species include yellowtail 
(Seriola quinqueradiata), red sea bream (Pagrus major), Japanese flounder (Paralichthys 
olivaceus), and puffers (Tetraodontidae), and, in China, the Chinese perch (Siniperca 
chuatsi) is a commonly cultured species in (FAO 1996, cited in Tucker 1998).
Production of Atlantic salmon (Salmo salar), an anadromous fish cultured in salt 
water, has skyrocketed from 643 million pounds in 1996 to 1,023 million pounds in 2000
4and farmed production exceeded commercial landings for the first time in 1999 (Johnson 
2001). Currently in the United States, hybrid striped bass (10 million pounds produced in 
2000) and Atlantic salmon are the most important anadromous species cultured, as 
marine fish culture production is still limited (Johnson 2001).
Investigations of new marine finfish species targeted for marine aquaculture 
production should involve critical evaluations for culture potential based on biological 
and socioeconomic criteria. Growth rate, feed conversion efficiency, and the ability to 
thrive under potentially stressful culture conditions are the first factors to consider when 
examining new culture species (Iversen and Hale 1992, Avault 1996, Tucker 1998). A 
predictable supply of eggs and fingerlings is necessary to ensure production of a 
consistently harvestable crop of market sized fish (Lee and Ostrowski 2001). Since 
obtaining broodstock, eggs or both from the wild can be costly and subject to high 
seasonal and annual variation, controlling the reproductive cycle of a species in captivity 
is a critical step to the domestication of a new culture species (Avault 1996, Lee and 
Ostrowski 2001). The early life history of the cultured species should also be examined. 
Larval size at hatching determines the most suitable live zooplankton feeds to offer to 
first feeding larvae, and a short larval stage duration reduces the time and expense 
required for labor intensive live food production (Tucker 1998). The species cultured 
must survive from the juvenile stage to market size with minimal mortality from disease 
and parasites. Cannibalism can be high in the early life stages of marine fish (Hecht and 
Pienaar 1993); however, in most fishes, juveniles typically have high survival in well- 
maintained culture systems. Knowledge of the specific nutritional and environmental
5requirements of a cultured species is desired to optimize production efficiency and reduce 
stress on the fish (Iverson and Hale 1992, Avault 1996).
Even if culture technology is developed for fish possessing desirable biological 
characteristics for culture, certain economic, social and political considerations must be 
addressed if the species is to be cultured successfully. Cultured species should have a 
favorable market demand and selling price to attract investors, since the successful 
production of a cultured species must return a profit to the producer (Tucker 1998, Avault 
1996). Aquaculture is the most rapidly growing sector of the U.S. livestock industry, 
and, as is the case in other intensive agriculture operations, increased concern of 
environmental pollution has led to increasingly more stringent regulations on the industry 
(FAO 2000). Aquaculture ventures require the use of large amounts of water, the 
discharge large quantities of animal wastes, and siting facilities at locations that may 
interfere or compete with other uses of coastal, in-land, and offshore waters. Often, 
permitting is required to operate an aquaculture facility depending on its location, 
production levels, and other factors. The regulatory environment of the local, state or 
federal governing body affects site location, species selection and other considerations 
(Avault 1996, Tucker 1998, Wirth and Luzar 2000).
The high value of marine fish species and the desire to diversify and find 
potential champion species has led to the recent investigation into the commercial 
feasibility of many candidate species. For many marine species, the protocol for large- 
scale efficient production is rapidly becoming developed, including barrimundi (Lates 
calcifer), European sea bass (Dicentrarchus labrax), cods (Gadidae), some groupers 
(Serranidae), dolphin (Coryphaena hippurus), red sea bream (Pagrus major), black sea
6bream (Acanthopagrus schlegeli), red drum (Sciaenops ocellatus), rabbitfishes 
(Siganidae), turbot (Scophthalmus maximus), Atlantic halibut {Hippoglossus 
hippoglossus), and tiger puffer (Takifugu rubripes) (Tucker 1998). Cobia has been 
recognized as a species with great potential for marine aquaculture (Hassler and Rainville 
1975a, Caylor et al. 1994, DuPaul et al. 1997, Su et al. 2000,Yeh 2000, Chou et al. 2001, 
Liao et al. 2001). Recent culture efforts in Taiwan have led to the recognition of cobia as 
the most promising species for marine cage culture in that country (Su et al. 2000). 
Researchers and commercial farmers in the U.S. recognize the potential of cobia as a 
marine aquaculture species and have initiated research efforts toward the 
commercialization of cobia aquaculture.
Cobia Biology
Cobia belong to the monotypic family Rachycentridae, and osteological 
examinations and larval morphology suggest a sister-group relationship to the dolphin 
fish, Coryphaena hippurus (Johnson 1984). Cobia are a large, coastal pelagic fish that 
make seasonal migrations into temperate waters, including the Chesapeake Bay, have a 
circumtropical distribution, but are absent from waters of the eastern Pacific Ocean 
(Briggs 1960, Shaffer and Nakamura 1989, Franks et al. 1999). On the United States 
Atlantic coast, cobia range from the Gulf of Mexico to Cape Cod although they are 
uncommon north of the Chesapeake Bay (Shaffer and Nakamura 1989). In the late fall, 
cobia are believed to migrate to warmer waters around the southern tip of Florida (Franks 
et al. 1999). Cobia are a prized trophy fish of the summer recreational fishery in 
Chesapeake Bay, coastal southeast Atlantic, and Gulf of Mexico waters. Cobia are
7incidentally taken in several commercial fisheries in the U.S. and abroad (Shaffer and 
Nakumura 1989).
Cobia grow rapidly with males reaching 885 ± 8.5 mm fork length (FL) (n=47) 
(mean ± SE) and females reaching 956 ± 7.9 mm FL (n=103) in northern Gulf of Mexico 
waters by the end of their second year (Franks et al. 1999). In the North Carolina male 
age-two cobia averaged 740 mm and female age-two cobia averaged 810 mm (Smith 
1995). In the Chesapeake Bay, age two male and female cobia averaged 710 mm and 
780 mm, respectively (Richards 1967). Male cobia reach maturity beginning at age 1 at 
640 mm and females reach maturity at age 2 by 834 mm in the Gulf of Mexico (.Lotz et 
al. 1996). In the Chesapeake, the smallest mature was male was 518 mm in its second 
year, and the smallest mature female was 696 mm in its third year (Richards 1967). A 
recent survey of recreational fishery for cobia in the Chesapeake Bay revealed ripe 
ovaries in a female less than 4 kg, suggesting that the size at first maturity may occur at 
approximately age 2 to 3 (John Olney, VIMS, pers. comm.). Females typically reach 
larger sizes than males. In the northern Gulf of Mexico, females accounted for 85 
percent of fish over 1,000 mm FL examined by Franks et al. (1999). In the Chesapeake 
Bay, no male cobia exceeded 1,300 mm and 20 kg in a study of over 500 cobia (John 
Olney, VIMS, pers. comm.). There is concern that intentional targeting of citation size, 
reproductively active females may negatively impact future egg production in the 
Chesapeake Bay, as record numbers of citation size cobia have been caught in recent 
years.
Cobia spawning grounds on the U.S. Atlantic Coast are believed to be at the 
mouth of the Chesapeake Bay and in coastal Virginia waters (Joseph etal. 1964,
8Richards 1967, John Olney, VIMS, pers. comm.), in the Gulf Stream and near-shore 
waters in North Carolina (Hassler and Rainville 1975a, Smith 1995), and in coastal 
waters and near the edge of the Florida Current (Ditty and Shaw 1992). Ripe cobia can 
be found beginning in late April and May in the northern Gulf of Mexico and the 
spawning season lasts from April to September (Lotz et al. 1996, Biesot et al. 1994, 
Brown-Peterson et al. 2001). Fertilized eggs have been collected in North Carolina from 
late May to mid-August (Hassler and Rainville 1975a, Smith 1995). In the Chesapeake 
Bay, spawning takes place from June to mid-August (Richards et al. 1967, John Olney, 
VIMS, pers. comm.). Partially spent ovaries and group-synchronous oocyte maturation 
in females examined during the spawning season provide evidence that cobia are batch 
spawners (Richards 1967, Lotz et al. 1996). Recently, it has been suggested that cobia 
spawn every 4 to 5 days in southeast Atlantic and northcentral Gulf of Mexico waters and 
every 9 to 12 days in the western Gulf of Mexico during the spawning season based on 
histological observations (Brown-Peterson et al. 2001). Batch fecundity has been 
estimated to range from 29.1 ± 4.8 -  53.1 ± 9.4 eggs per gram ovary free body weight 
(mean ± 1 SE) (Brown-Peterson et al. 2001). Fertilized cobia eggs range from 1.16 to 
1.42 mm in diameter and larvae are 2.5 -  3.6mm at hatching (Joseph et al. 1964, Ditty 
and Shaw 1992, Su et al. 2000).
Cobia are opportunistic feeders and consume crustaceans, benthic and pelagic 
fish, and squid (Knapp 1951, Shaffer and Nakamura 1989, Smith 1995, Franks et al.
1996, and Meyer and Franks 1996, Arendt et al. 2001). An early study of cobia diet in 
Texas waters indicated that eels and sea lice (Squilla sp.) were the most important 
elements of the diet, followed by crabs and shrimps (Knapp 1951). In the northcentral
9Gulf of Mexico, crustaceans, mainly portunid crabs, were the most important component 
of adult cobia diet. Fish and squid comprised the remainder of the diet (Meyer and 
Franks 1996). Stomach content analysis of juvenile cobia from the northern Gulf of 
Mexico identified fishes, primarily anchovies, Anchoa hepsetus, as the most important 
component of the diet followed by crustaceans and cephalopods (Franks et a l 1996).
Blue crabs, Callinectes sapidus, were the most important species in the diet of cobia in 
North Carolina waters, followed by the blackcheek tonguefish, Symphurus plagiusa 
(Smith 1995). A recent study of Chesapeake Bay cobia (Arendt et a l  2001) revealed that 
blue crabs and lady crabs, Ovalipes ocellatus, were the most important component of the 
diet. Pipefish and seahorses also comprised an important component smaller cobia diet. 
Cownose rays, previously not known to be consumed by cobia, were seen in larger 
specimens.
Cobia Aquaculture
Cobia aquaculture research and development began in the U.S. and Taiwan in the 
early 1990s. A private firm initiated investigations into commercial-scale cobia 
aquaculture in Taiwan, while efforts in the U.S. have been small-scale research 
investigations. The difference in magnitude of these investigations is exemplified by the 
current state of cobia aquaculture in these countries. In Taiwan, a multi-million dollar 
cultured cobia industry exists that produced 1,000 mt in 1999 and is expected to produce 
3,000 mt in 2001, but in the U.S. cobia is still considered a top candidate for marine 
aquaculture (DuPaul et a l  1997, Su et a l  2000, Yeh 2000, Liao et a l  2001, Jesse 
Chappel, Southland Fisheries Corporation, pers. comm.). Spurred by the success of the
10
Taiwanese and encouraging preliminary research results, researchers and private 
commercial firms in the U.S. have initiated efforts to develop the technology to make 
large-scale commercial culture attainable in the U.S.
Cobia have many qualities that make them a desirable species for culture. Rapid 
captive growth rates, high value, and fine taste of cobia are qualities that initially 
attracted researchers (Anon. 1998, Su etal. 2000). Proximate analysis of Taiwanese cage- 
cultured cobia indicates that the flesh has high levels of eicosapentanoic acid (EPA), 
20:5(n-3), at 279.6 ±131.4 mg/lOOg wet weight and docosahexaenoic acid (DHA), 
22:6(n-3), at 327.9 ± 93.3mg/100g wet weight (cited in Su et al. 2000). Both EPA and 
DHA are beneficial to human health and the Taiwanese expect market expansion for this 
fish as a result of its recognition as a health food (see Steffens 1997 for discussion on 
health benefits of these fatty acids). Because of its wide distribution in tropical waters, 
cobia could have the distinction of being a native species in nearly all locations where it 
is cultured (Briggs 1960, Shaffer and Nakamura 1989). Culture efforts within the U.S. 
indicate that cobia adapt well to captivity in tanks (this study), and the Taiwanese have 
demonstrated that cobia thrive in cage culture (Su et al. 2000, Yeh 2000). Cobia also are 
euryhaline and are found in the wild from full strength seawater to moderate salinity 
estuaries, although no research has determine optimal or tolerable ranges of salinity 
(Shaffer and Nakamura 1989). Cobia tolerate handling and anesthetic procedures with no 
observable adverse side effects (this study). Information on tolerable and optimal 
environmental conditions and nutritional requirements is limited at all stages of 
aquaculture production (Su et al. 2000, Chou et al. 2001). Recent investigations into 
cobia nutrition indicate that optimal dietary protein concentration is 44.5% and the
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minimal dietary quantity of lipid is 5.76%, but no information exists on the nutritional 
requirements of specific amino acids and lipids (Chou et al. 2001).
In 1992, the Taiwanese began investigating cobia aquaculture and by 1997 a 
commercial producer had developed extensive pond-culture techniques for the mass- 
production of fingerlings (Yeh 2000, Su et al. 2000). Open-ocean cage culture is the 
method employed for the grow-out of juveniles of approximately 30 grams (or 
approximately 70-75 day old fish) to market sized fish of 6-8 kg for fish imported to 
Japanese markets and 8-10 kg for the Taiwanese domestic market. Fish are fed diets of 
trash fish, moist or dry pellets and typically reach 6-8 kg within one year (Su et al. 2000, 
Yeh 2000). The spawning season in Taiwan extends from March through October, and, 
by staggering the production cycle, it is possible to have a marketable crop available 
nearly year round (Su et al. 2000, Yeh 2000). Cobia has fast become one the most 
important species for cage culture, as over 80 percent of marine cages in Taiwan are used 
for cobia culture. In 1999,450 mt of cobia were exported to Japan, and, although the 
cobia is a new seafood item to the Japanese, it has been reported to be accepted by 
consumers (Su et al. 2000).
Technology and marketing for cobia aquaculture in the U.S. lags behind that of 
Taiwan. Ryder (1887) collected cobia eggs and documented the early development of 
cobia eggs and larvae. Hassler and Rainville (1975a) collected fertilized eggs from 
plankton samples off of North Carolina and subsequently reared larvae feeding either 
rotifers or size-fractioned wild zooplankton. These fish were weaned to shrimp, cooked 
bluefish and trout chow and juveniles survived to 131 days post hatching. Research 
efforts at the University of Southern Mississippi, Gulf Coast Research Laboratory
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(GCRL) began in 1991-92. Female cobia were successfully induced to ovulate using 
human chorionic gonadotropin and fertilization was attempted using cryopreserved 
sperm. Fertilization was not successful, but spermatozoa were found to be mobile for up 
to one year after cryopreservation (Caylor et al. 1992). Efforts to spawn cobia have 
continued at GCRL, and in 1999 the first successful tank spawn in the U.S. was achieved. 
Larvae were raised to 14 days post hatch on diets comprised of rotifers, Artemia, and 
copepods (Jim Franks, USM GCRL pers. comm.).
Since cobia culture methods were developed by the private sector in Taiwan, little 
published information exists on all aspects of cobia culture and many basic questions 
pertaining to captive spawning, larval and juvenile husbandry, and nutritional 
requirements need to be answered before commercial culture can be pursued in the U.S. 
Although the Taiwanese currently utilize off-shore cages as the predominant means of 
commercial grow-out of cobia, commercial production in temperate climates will have to 
take place in controlled environment recirculating systems. Culture of broodstock, eggs 
and larvae, and early juveniles in recirculating systems permits greater control over the 
rearing environment. Also, recirculating systems use less water, have reduced and 
controllable discharge of effluent, have minimal genetic impact on wild stocks, and allow 
for better observation of stock and ease of disease treatment (Perry et al. 2001).
Objectives
This thesis investigates initial questions of cobia culture. Objectives of this study 
were to test the response of cobia to hormonal spawn induction, to test larval growth and 
rearing techniques, to test a protocol for weaning juveniles from live feeds to a pellet diet,
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to document juvenile growth and maturation in a recirculating system on a pellet food, 
and to compare the product quality of cultured cobia to wild cobia.
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MATERIALS AND METHODS
Recirculating Systems Description 
Broodstock System
The 27,500-L broodstock spawning recirculating system was located in a 
temperature controlled greenhouse and was equipped with an egg collection unit and with 
a 37-jxm mesh rotating drum filter for solids capture, a Va hp centrifugal pump, an 
ultraviolet (UV) sterilization unit, two fluidized bed biofilters, a surface protein skimmer 
and supplemental aeration. The egg collection unit consisted of two 200-L drums that 
were plumbed in series. The first was the egg collection vessel and the second served as 
a reservoir for inline filtration components. The egg-collecting barrel was plumbed to the 
spawning tank so that water could be collected from the surface of the tank. A 0.5 m 
wide 500 pm mesh plankton net was positioned inside the egg collection drum below the 
inflow of the tank, permitting the collection and concentration of buoyant eggs released 
within the spawning tank.
Larval Rearing Systems
Larval rearing vessels consisted of four 280-L tanks connected in parallel with 
common chemical, biological and mechanical filtration components and a 4,500-L tank 
equipped as described in the following section on the Juvenile Rearing System. Water 
flow in these systems was static for the first twelve days of culture and water quality was 
maintained by water addition and exchange as necessary. Gentle water flow was initiated 
at 12 days post hatch (dph).
15
Juvenile Rearing System
Juvenile cobia were reared in a 4,500-L recirculating water in a temperature 
controlled greenhouse. The recirculating system was equipped with a 37-pm mesh 
rotating drum filter for solids capture, a Va hp centrifugal pump, an ultraviolet (UV) 
sterilization unit, a heater-chiller unit for year-round temperature maintenance, and a 
modified fluidized bead biofilter for nitrification. Additionally, a foam fractionator was 
used for dissolved organic matter removal and the tank was covered with a black fine 
mesh shade cloth. Water temperature was maintained at 25°C. Continuous aeration was 
provided beginning 136 dph using an air-stone and deflector shield powered by a 
regenerative blower. Water quality analysis was performed approximately twice weekly 
before water exchanges and the parameters monitored were temperature, salinity, pH, 
alkalinity, ammonia, nitrite and nitrate. Water came from the York River at Gloucester 
Point, Virginia and was either sand filtered, charcoal filtered, and UV sterilized for larval 
rearing or was sand filtered and then chlorinated and de-chlorinated before use for 
juvenile grow-out. When necessary, culture water salinity was adjusted to approximately 
25 ppt.
Broodstock Collection and Spawning
In the summer of 2000, efforts to achieve a hormone induced tank spawn of cobia 
were initiated at the Virginia Institute of Marine Science (VIMS), Gloucester Point, 
Virginia. Broodstock was collected from the lower Chesapeake Bay near the eastern 
shore of Hampton, Virginia from June 3-8. Cobia were caught by cooperating local
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recreational anglers with hook-and-line gear and were held by stringing a light line 
through the mouth and gills of the fish and holding the fish off the boat. When scientist 
arrived, fish were placed into a 1,000-L aerated tank and were transported by boat to 
VIMS. Two to three fish per trip were transferred from the fishing grounds to VIMS 
(approximately 25 km) in 1.5 to 2 hours. The fish were moved from the transport vessel 
into a 4,500-L temporary flow-through holding tanks supplied with unfiltered York River 
water at VIMS until broodstock acquisition was complete. Fish were offered and 
accepted live fish daily.
A total 16 fish were collected from the wild. Two fish died during transport to 
VIMS, but these fish had experienced high levels of stress before transport. Four 
specimens were lost due to a system power failure that resulted in the loss of aeration to 
the flow-through tanks.
The surviving fish were held in the flow-through tanks until June 13,2000. These 
fish were anesthetized with tricaine methanesulfonate (MS-222) in the holding tanks 
before hormone implantation and transport to the spawning tank. Seven of the ten fish 
were injected with a 150 pg implant of salmon gonadotropin releasing hormone analogue 
(sGnRHa) (Ovaplant, Syndel International, Inc.). One of these fish, a 26.2 kg female, 
died during transfer to the spawning tank. Three fish were transferred to the spawning 
tank without hormone implantation, measurements, or catheterization. The sex 
distribution of the broodstock was uncertain, but, on the basis of size, it was likely that 
one male and eight females were transferred to the spawning tank. Of these, six were 
successfully injected with the hormone implant. Fish were offered frozen fish until 
spawning.
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Larval Rearing
On June 15,2000, approximately forty-eight hours after injection with sGnRHa 
implants, eggs were observed within the spawning tank. Eggs were collected for several 
days after the initial spawn and stocked in larval rearing vessels. Eggs and larvae were 
collected daily through 10 dph and every two days beginning 12 dph through 30 dph and 
measurements taken from the larvae were total length, standard length, approximate 
mouth gape, when possible, and eye diameter and were reported as means ± standard 
error.
The 280-L larval rearing tanks were initially stocked with 48,000-775,000 eggs 
(170-2770 L 1). The 4500-L tanks were visually estimated to have 2,000 larvae at 4 dph 
(approximately 5 L '1). Rearing tanks for larvae were supplied with Tetraselmis, 
Isochrysis, or Chaetocerous, depending on availability, to maintain water quality and 
maintain nutritional enrichment of live zooplankton feeds. Tanks were stocked with 
copepod nauplii at 1 dph and enriched ss-rotifers at 3 dph. At 8 dph, enriched Artemia 
and calanoid copepods of all stages were offered. Copepods were feed until 14 dph when 
supplies were exhausted and Artemia were fed until 35 dph when weaning off of live 
foods began. Additionally, microparticulate feeds of 250,400, and 700 pm were offered 
sequentially to the larvae beginning at first feeding (Biokyowa A-250, A-400, and B- 
700). At 35 dph fish were weaned to a transitional diet of frozen mysid shrimp and 
subsequently to a 1-2 mm crumble of 3-mm Corey Marine Fish Grower. To prepare the 
crumble, the 3-mm pellet was ground and sieved to collect appropriately sized pellets.
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Juvenile Feeding and Growth 
Methods
The initial juvenile population consisted of 69 fish reared from larvae in the 4500- 
L tank. From 45 dph to 78 dph fish were fed to saturation at 0800,1200, and 1600 and 
the amount fed was recorded to 0.1 g. At 78 dph, the 1200 feeding was terminated. For 
the first 21 days of the experiment, a crumble of 3-mm Corey Clear Choice Marine Fish 
Grower was fed until fish could handle the 3-mm. The 3-mm Corey Clear Choice Marine 
Fish Grower was followed by 6-mm and 10-mm pellets of the same make, beginning 63 
dph and 192 dph, respectively. The nutritional composition of the 3 and 6-mm pellets 
was 56 percent crude protein, 14 percent crude fat, and 1.2 percent crude fiber and the 
10-mm pellets were composed of 55 percent crude protein, 16 percent crude fat, and 1.2 
percent crude fiber.
Fish length and weight measurements were initially made biweekly on a sub­
sample of 25 fish from 45 dph through day 101 dph, beginning 115 dph measurements on 
the entire population of remaining fish were made every four weeks. Two exceptions to 
the sampling intervals were made. First, the interval length after sampling on 171 dph 
was extended to 30 days and the final length and weight measurement on 279 dph was 
only 22 days after the previous sampling. During the length and weight sampling, fish 
condition was noted and deformities were described. Fish were collected by confining 
them to one end of the tank using a seine and were then removed using an appropriately 
sized net Fish were individually anesthetized before measuring length and weight using 
MS-222 at 115 ppm to 280 ppm. Recovery of anesthetized fish was 100% and usually 
occurred with in 1 to 2 minutes after placing the fish in an aerated recovery tank. Total
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length was measured to the nearest millimeter and weight was measured to 0.1 g until 
257 dph when weight was measured to 0.02 kg. At 201 dph, 23 fish that were either less 
than 750 g or had mouth deformities that seemed prohibitive to handling a 10-mm pellet 
were culled from the population. At earlier sampling dates, two fish that had severe 
deformities were removed and there were three natural mortalities occurring 95,122, and 
150 dph. After 201 dph, a total of 41 fish remained in the system.
The final length weight measurement was 279 dph, when a system failure over 
night resulted in the mortality of 36 of 41 fish. Measurements were only made on the 36 
dead fish, and the remaining five fish were under severe stress and were not in condition 
to be anesthetized and handled. At this time, fish were sexed by internal examination and 
gonads from each fish were sampled and weighed and were then filleted to determine 
fillet yield for use in the product quality section of the study. The surviving fish were fed 
twice daily until they were needed in the product quality evaluation of this study in June 
2001, when they were sacrificed. Length and weight was measured at that time.
Data Analysis
Growth in length of larvae was modeled using an exponential model of the form 
Y= a*Xb, where a and b are coefficients, and X is the age of the larval fish in days and Y 
is the predicted length of the larval fish in mm. Juvenile growth was estimated using a 
number of measurements including absolute growth, absolute growth rate, relative 
growth, relative growth rate, instantaneous growth rate, and specific growth rate (Table 
1). Food conversion ratios were determined and percent of body weight per day were 
calculated for juvenile cobia for the intervals between each length and weight sampling
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Table 1 Definitions of growth estimation and performance measurements.
Expression Formula
Absolute growth (AG) W2-W1
Absolute growth rate (AGR) W2-W i/t2-ti
Relative growth (RG) W2-W1/ Wi
Relative growth rate (RGR) W2-W1/ Wi(t2-to
Instantaneous growth rate (IGR) (lnW2- InWi)/ (t2-ti)
Specific growth rate (SGR) 100 x (lnW2- InWi)/ (t2-ti)
Length-weight relationship W = a L b
VBGF (length) Lt = L«(l-e('IC(t''”)))
VBGF (weight) W, = W„(l-e(’K(H,)))b
Food conversion ratio (FCR) dry weight of feed fed (g)/wet body weight (g)
Percent body weight of feed/day 100 x ((Fti-t2)/( W2+W i)/2)/ t2-ti
Percent fillet yield 100 x (weight of fillet (g)/fish weight(g))
Gonad-somatic index 100 x (gonad weight (g)/somatic weight (g))
Wi = wet weight of fish at beginning of sampling interval; W2 = wet weight of fish at 
termination of sampling interval; ti = time at beginning of sampling interval; t2 = time at 
termination of sampling interval; W = weight of fish corresponding fish of length L; a = 
constant; b = coefficient of length-weight relationship; Lt = total length (mm) at time t;
Wt = total weight (g) at time t; L« and Woo = theoretical asymptotic length and weight, 
respectively; K = constant that describes the rate of change in length and weight, t = time; 
to = time of hatching; VBGF is the von Bertalanffy growth function; Fti_t2 -  sum of dry 
feed fed from ti to t2. Where applicable initial total length (mm), Li, and final total 
length (mm), L2 , were used in place of Wi and W2 to calculate growth estimates in terms 
of length.
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and from the initial sampling to the final sampling (Table 1). Growth of fish with and 
without deformities was estimated separately. Growth in length and weight were 
modeled using the von Bertalanffy growth function (Table 1). Age in these models is 
often expressed in years, so, when conducting multiple measurements on a population in 
one year, age measurements were expressed as fractions of a year (Ricker 1979). 
Information regarding the growth of deformed fish is provided as evidence that these fish 
display reduced growth rates. A length-weight relationship was established (Table 1). 
Differences in the weight and length of male and female cobia at the termination of the 
experiment were also evaluated.
A food conversion ratio (FCR) and the percent body weight of feed fed per day 
were calculated for each sampling interval and over the entire culture period (Table 1). 
Since fish with deformities were kept within the cultured population through 201 dph, 
FCR and percent body weight fed per day data include both normal and deformed fish 
through 201 dph.
At the final length and weight sampling, fish sex was determined and gonads were 
removed and weighed. Final weight and length of male and female fish were compared 
to determine if a difference in size between the sexes existed using the /-test. A gonad- 
somatic index (GSI) was calculated for each sex (Table 1).
All statistical analysis procedures were performed using S-plus 2000 
Professional© (MathSoft, Inc.). Data used in /-tests were tested for normality using the 
Kolmogorov-Smimov Goodness of Fit test and homogeneity of variance was tested using 
the F-ratio test (Zar 1996). Data in percentages were not arcsine square root transformed 
since the data satisfied the above requirements for use in the /-test.
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Gonad Maturation
Additionally, gonads from specimens approximately 9 months old and 12 months old 
were examined to document state of gonad development. Paired ovaries and testes were 
dissected from fish, weighed, and fixed in 10% buffered formalin (NBF). Small amounts 
of tissue were trimmed from anterior, middle and posterior regions of each pair of ovaries 
and testes and placed in fresh water for two hours and then stored in 70% ethanol. 
Samples were then embedded in paraffin, sectioned to 5-6 pm thickness, placed on clear 
glass slides, and stained with Harris’ hematoxylin and eosin.
Product Quality Evaluation 
Methods
Percent yield of fillet cuts was determined from the cobia mortalities immediately 
after the system failure. Fillets were taken from both sides of the fish by an experienced 
technician to assure consistency of cut. Skinless and boneless fillets from both sides of 
the fish were cut and weighed from 29 of the fish that died 279 dph.
Two cultured specimens were sacrificed to compare their organoleptic qualities to 
those of wild cobia. On June 4,2001 an 849 mm, 4.48 kg wild fish was acquired and a 
788 mm, 3.78 kg cultured fish was sacrificed. Both fish were filleted and held on ice 
until used on June 6 in the Triangle test (Meilgaard et al. 1991). On June 12, 2001, a 751 
mm, 3.04 kg wild cobia was acquired and a 750 mm, 3.14 kg cultured cobia was 
sacrificed. Both fish were frozen until used in the Paired-Preference test (Meilgaard et al. 
1991) on July 10,2001.
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The fillets from a single wild cobia and a single cultured cobia proved to be 
sufficient to provide sufficient numbers of 10-15 gram samples of uniform appearance for 
65-70 test subjects in each test. Samples were prepared by baking the fish at 175°C on 
separate lightly greased cooking sheets for approximately 5 minutes.
A Triangle test was conducted to test for an overall flavor difference between 
cultured and wild caught cobia (Meilgaard et al. 1991). Test subjects were randomly 
presented with three samples in one of six possible combinations of wild and cultured 
cobia (WCC, WWC, WCW, CCW, CWC, and CWW, where W = wild and C = cultured). 
All combinations were presented an equal number of times (11 for n=66). Fish sample 
plates were coded with random three digit numbers corresponding to cultured and wild 
fish. Test subjects were briefed to familiarize them with the testing process, terminology, 
and the test materials (Meilgaard et al. 1991). The test subjects were instructed to taste 
the samples from left to right and to identify the odd sample based on any overall sensory 
differences among the samples. If a difference was not discemable, then the test subject 
was instructed to make a best guess. Questions pertaining to the preference, acceptance, 
degree of difference, or type of difference were not asked. A section was provided on the 
score-sheet for the test subjects to comment on the reasons for their selection. The 
number of correct scores was recorded.
A Paired-Preference test was conducted to discern whether or not a preference 
exists between cultured cobia and wild cobia among potential consumers (Meilgaard et 
al. 1991). Test subjects were randomly presented with two samples, one each of wild and 
cultured cobia, and were instructed to taste the samples from left to right and to choose 
the sample that they preferred (n=69, with cultured and wild fish occupying the first
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position a nearly equal number of times). Fish sample plates were labeled with random 
three digit numbers corresponding to cultured and wild fish. Additionally, a section was 
provided on the scoresheet for the test subject to comment on their selections. If neither 
fish was preferred, the test subject was asked to make a selection.
Additionally, two fish were shipped to Legal Sea Food of Massachusetts to obtain 
comments on cultured cobia from a potential commercial vendor. The fish were shipped 
headed and gutted, but were filleted upon arrival at Legal Sea Food. The cobia were 
prepared by Legal Sea Food Executive Chef Rich Valenti. One fillet was skinned and the 
other fillet was not. The fish were grilled on a gas grill with salt and pepper, turning only 
once. Company management and chefs then evaluated the fish as a potential new 
product.
Data Analysis
Fillet yields were reported as mean ± standard error. Fillet yield of all fish, males 
only and females only was correlated to total body weight and somatic weight to 
determine if a relationship exists over the size range sampled. Additionally a Mest was 
conducted to see if fillet yield from male and female fish was different. For the Triangle 
Taste test results the number of correctly identified odd samples was compared to a 
critical number determined by selected a  (0.05) and (3 (0.05) significance levels and the 
estimated percentage of discriminators (Pd) in the test subject population (Meilgaard et al. 
1991). Pd was set at 30% indicating a moderate value for the maximum allowable portion 
of distinguishers. The null hypothesis of no difference between cultured and wild cobia
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would be rejected if the number of correct responses exceeded the critical number of 
correctly identified odd samples.
Statistical analysis procedures were performed using S-plus 2000 Professional© 
(MathSoft, Inc.). Data used in /-tests were tested for normality using the Kolmogorov- 
Smimov Goodness of Fit test and homogeneity of variance was tested using the F-ratio 
test (Zar 1996). Data in percentages were not arcsine square root transformed since the 
data satisfied the above requirements for use in the /-test.
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RESULTS 
Broodstock Collection and Spawning
Most of the cobia did not appear to experience stress from the collection process 
and they adapted readily to both the holding tanks and to the spawning tank. 
Approximately 36 hours after hormone injection, eggs were discovered in the water 
column and were collected over the following two days. Total egg production was not 
determined. Mean diameter of the eggs was 1.42 ± 0.01 mm (n=104) and of the oil 
globule for eggs with a single oil globule was 0.44 ±0.14 mm (n = 44) (Plate 1). 
Fertilized eggs hatched in approximately twenty-four hours at approximately 26°C and 
28 ppt.
Larval Rearing and Juvenile Weaning
Newly hatched yolk-sac larvae were 3.66 ± 0.03 mm TL (n = 17) and had a single 
median finfold, lacked eye pigment and mouths were unopened (Plate 2). Copepod 
nauplii were introduced into larval rearing systems at 1 dph and ss-rotifers were 
introduced into the system at 3 dph when larval yolk reserves became depleted and 
exogenous feeding was first observed. Larval and early juvenile feeding is summarized 
in Fig. 1. Larval total length, standard length, eye diameter and mouth gape were 4.65 ± 
0.041 mm, 4.44 ± 0.05 mm, 0.31 ± 0.01 mm, 0.17 ± 0.01 mm (n = 7), respectively (Plate 
3). By 3 dph, eye pigmentation had developed and body pigment was apparent. Rotifers 
were enriched using Aquagrow™ Advantage an enrichment diet with high levels of 
DHA. Rotifers were fed twice daily to larvae at 5-10 ml"1 and copepod nauplii were fed
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Plate 1 Cobia eggs from hormone induced spawn, egg diameter (mean ± standard 
error) 1.42 ± 0.01 mm (n = 104), diameter of single oil globules = 0.42 ± 
0.01 mm (n = 46). YG = yolk globule.
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Plate 2 Newly hatched cobia yolk-sac larvae 0 days post hatching. Values are
reported as mean ± standard error. Total length = 3.66 ± 0.03 mm, 
standard length = 3.52 ± 0.03 mm, and yolk diameter = 1.41 ± 0.02 (n = 
17).
1.00 mm
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Figure 1 Timeline of larval feeding from first feeding through weaning to pelleted 
feeds.
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Plate 3 Cobia larvae at first feeding, 3 days post hatch. Values are reported as
mean ± standard error. Total length = 4.65 ± 0.04 mm, standard length = 
4.44 ± 0.04 mm, eye diameter = 0.31 ± 0.01 mm, and mouth gape = 0.170 
± 0.01 mm (n =7).
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at 1-2 ml"1. Additionally, a 250 jam microparticulate feed was offered 4 times daily 
beginning 3 dph, but the larvae never accept it or the subsequent offerings of 400 and 700 
pm microparticulate feeds. Rotifers were offered through 11 dph, and beginning 8 dph, 
newly hatched Artemia nauplii were supplied to 0.5-2 ml"1 twice daily. By 11 dph, 1-day 
old Artemia enriched using Aquagrow™ DHA and were offered at 0.5-1 ml"1 two times 
per day until larval weaning began. Copepods were offered through 14 dph at 0.5-2 ml'1, 
depending on availability and were not enriched.
Larvae attained 7.26 ± 0.58 mm in total length (6.80 ± 0.50 mm standard length) 
and had an eye-diameter of 0.54 ± 0.03 mm and mouth gape of 0.38 ± 0.070 mm at 10 
dph (n = 6) (Plate 4). Total length was 24.94 ±0.58 mm, standard length was 21.26 ± 
0.58 mm, eye diameter was 1.35 ± 0.12 mm, and mouth gape 1.72 ± 0.22 mm (n = 2) at 
20 dph (Plate 5). At 30 dph, larvae had achieved a total length = 43.56 ± 1.38 mm, 
standard length = 36.22 ± 1.28 mm, eye diameter = 1.89 ± 0.16 mm (n = 2), mouth gape 
= 1.1 mm (n = 1) (Plate 6). The spatulate caudal fin of the larvae and juveniles endured 
through approximately 70 to 75 dph, when the tail began to fork as is characteristic of 
adult cobia. Body pigment was completely dark with medio-lateral white to cream 
colored stripes running from the tip of snout to the caudal fin tip. An exponential model 
described larval growth from hatching to 30 dph (Y = 0.269*XL502, r2 = 0.937) (Fig. 2).
Fish were weaned to a pellet by first offering them finely chopped frozen mysid 
shrimp as a transition from live food to artificial food from 35 to 40 dph. The fish were 
then weaned to take a pellet from 40 to 45 dph, by first offering the fish 1 to 2 mm 
crumble of 3-mm pellet followed by the mysid shrimp. The quantity of pellet feed was
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Plate 4 Cobia larvae 10 days post hatch. Values are reported as mean ± standard 
error. Total length = 7.26 ± 0.58 mm, standard length = 6.80 ± 0.50 mm, 
eye diameter = 0.54 ± 0.03 mm, and mouth gape = 0.388 ± 0.07 mm (n = 
6).
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Plate 5 Cobia larvae at 20 days post hatch. Values are reported as mean ±
standard error. Total length = 24.94 ± 0.58 mm, standard length = 21.26 ± 
0.58 mm, eye diameter = 1.36 ± 0.12, and mouth gape = 1.72 ± 0.22 (n = 
2).
2.00 mm
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Plate 6 Cobia juvenile at 30 days post hatch. Values are reported as mean ±
standard error. Total length = 43.56 ± 1.38 mm, standard length 36.22 ± 
1.28 mm, eye diameter = 1.89 ± 0.16 mm (n =2), mouth gape = 1.1 mm (n 
= 1).
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Figure 2 Growth in length (mm) of captive larval cobia, Rachycentron canadum, 
from 0 to 30 dph.
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increased as the ration of mysid shrimp was decreased until fish reached apparent 
satiation on the pellet.
Overall survival from eggs to juveniles in this initial attempt of rearing captive 
spawned cobia to 12 dph was minimal in the 280-L conicals. These conicals were stocked 
with eggs at densities ranging from an estimated 160 eggs L 1 to nearly 2600 eggs L'1. In 
the 4500-L system, a total of 69 fish survived to 45 dph in this system, with mortality 
highest in the first two weeks of culture. Attempts to quantify dead larvae were 
unsuccessful as early larvae degraded too rapidly to record accurately.
A larval deformity was first observed as early as 16 dph, but no attempt was made 
to determine the earliest onset of deformities. The presence of deformities became more 
apparent as the fish grew. At 45 dph, only one fish of the 25 sampled was noted as 
deformed. This fish had a severely upturned vertebral column resembling lordosis. By 
171 dph, 54.7 percent of the fish in the tank displayed some degree of deformity. The 
most common deformity was a misshapen lower jaw, which was present in 25 of 35, 
deformed fish at 201 dph and ranged from “slight” to “very severe”. The feeding of fish 
with “slightly” misshapen lower jaws was generally unaffected by the deformity, while 
those with more severe deformities had difficulty competing with other fish and 
consuming food. Fish with the most severe mouth deformities also had opercular and gill 
deformities as well. Of thirty-five fish displaying some degree of deformity, 21 fish were 
culled at 201 dph. A fish was culled if it weighed less than 750 g or had a deformity that 
could adversely affect its ability to consume the 10-mm pellet.
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Water Quality Parameters
Information pertaining to the measured water quality parameters is presented in 
Table 2. Oxygen concentration was not monitored and assumed to have been sufficient 
based on behavioral observations of the specimens. The cobia appeared to tolerate the 
reported water quality ranges well. Observations suggest that cobia slow or cease feeding 
when the temperature drops below 20°C, after short periods of oxygen stress, and after 
significant tank cleaning, and fish handling. Feeding typically returned to normal levels 
immediately to within two days after they were stressed. In the early morning of March 
22, 2001, 279 dph, an air hose disconnected from the high-volume blower providing 
oxygen to the tank. At that time the tank was assumed to be severely hypoxic to anoxic 
and most fish were lost during this event. At the time, water was a green-brown color 
and clarity was poor.
Juvenile Feeding and Growth
Growth rate estimate of juvenile cobia between each sampling interval are given 
in Table 3 (weight) and Table 4 (length). Absolute growth in weight increased with age 
and increasing sampling interval (Fig. 3b). Absolute growth rate in weight generally 
increased with age, but appeared to reach a maximum in the later sampling dates (Fig.
3b). Relative growth (5.6-0.12, range), relative growth rate (0.40-0.0057d_1, range), 
instantaneous growth rate (0.13-0.0053 d"1, range), and specific growth rate (13.45-0.53 
% d'\ range) in weight had a maximum at 59 dph and then declined with increasing age 
(Figs. 4b, 5). The coefficient of variation indicated that, although the standard error 
increased with age, the error relative to the increase in weight was approximately
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Table 2 Mean and median values of measured water quality parameters. TAN = 
Total ammonia nitrogen. Water quality analysis was performed before water exchanges.
Water Quality Parameter (units) Mean Standard Error
Temperature (°C) 26.0 0.19
Salinity (ppt) 24.6 0.21
Median Range
pH 7.0 6.5-12
Alkalinity (ppm) 75 25-130
Ammonia-TAN (ppm) 0.8 0-2
Nitrite (ppm) 0.6 0.2-1
Nitrate (ppm) 10 5-45
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Table 3 Summary of growth in weight for “normal” cobia from 45 days post hatch 
(dph). Growth estimates are calculated for each sample interval from mean weight of 
“normal” cobia. AG = absolute growth, AGR = absolute growth rate, RG = relative 
growth, RGR = relative growth rate, IGR = instantaneous growth rate, SGR = specific 
growth rate, CV = coefficient of variation. Values in parentheses following mean weight 
indicate ± 1 standard error.
Date DPH n Mean Wt. (g) CV AG
(g)
AGR
(gd'1)
RG RGR
(cf1)
IGR
(d-1)
SGR
(o/od-1)
7/31/00 45 24 4.0 (0.25) 0.310
8/14/00 59 22 26.4(1.23) 0.218 22.4 1.6 5.6 0.40 0.13 13.45
8/28/00 73 16 67.4 (3.20) 0.190 40.9 2.9 1.5 0.11 0.067 6.68
9/11/00 87 13 121.0 (5.54) 0.165 53.6 3.8 0.80 0.057 0.042 4.18
9/25/00 101 16 208.9(11.06) 0.212 87.9 6.3 0.73 0.052 0.039 3.90
10/09/00 115 35 284.0 (8.11) 0.169 75.1 5.4 0.36 0.026 0.022 2.19
11/06/00 143 29 485.9 (14.09) 0.156 201.8 7.2 0.71 0.025 0.019 1.92
12/04/00 171 29 743.8 (25.25) 0.183 257.9 9.2 0.53 0.019 0.015 1.52
1/03/01 201 41 979.7 (27.63) 0.181 236.0 7.9 0.32 0.011 0.0092 0.92
1/30/01 229 41 1241.7(35.75) 0.184 262.0 9.4 0.27 0.0095 0.0085 0.85
2/28/01 257 41 1535.6 (46.98) 0.196 293.9 10.5 0.24 0.0085 0.0076 0.76
3/22/01 279 36 1726.7(58.01) 0.202 191.1 8.7 0.12 0.0057 0.0053 0.53
Note: From 45-101 dph a sub-sample of fish was measured every two weeks, beginning 
115 dph fish the all fish were sampled. At 201 dph 23 fish with the most severe mouth 
deformities or that weighed less than 750 g were culled from the system.
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Table 4 Summary of growth in length for “normal” cobia from 45 days post hatch 
(dph). Growth estimates are calculated for each sample interval from mean length of 
normal cobia. AG = absolute growth, AGR = absolute growth rate, RG = relative growth, 
RGR = relative growth rate, IGR = instantaneous growth rate, SGR = specific growth 
rate, CV = coefficient of variation. Values in parentheses following mean weight indicate 
± 1 standard error.
Date DPH n Mean Len. CV AG AGR RG RGR IGR SGR
(mm) (mm) (mmd'1) (d-1) (d") (0/od-1)
7/31/00 45 24 95.1 (1.93) 0.0992
8/14/00 59 22 163.9(2.40) 0.0685 68.8 4.91 0.723 0.0517 0.0389 3.89
8/28/00 73 16 215.8(2.60) 0.0482 51.9 3.71 0.317 0.0226 0.0196 1.96
9/11/00 87 13 259.2 (3.15 0.0438 43.5 3.11 0.202 0.0144 0.0131 1.31
9/25/00 101 16 304.2 (4.76) 0.0626 45.0 3.21 0.173 0.0124 0.0114 1.14
10/09/00 115 35 341.1 (3.35) 0.0580 36.9 2.64 0.121 0.00867 0.00818 0.818
11/06/00 143 29 403.5 (3.77) 0.0504 62.4 2.23 0.183 0.00653 0.00600 0.600
12/04/00 171 29 458.8 (4.34) 0.0510 55.3 1.97 0.137 0.00489 0.00459 0.459
1/03/01 201 41 505.7(4.60) 0.0582 46.9 1.56 0.102 0.00340 0.00324 0.324
1/30/01 229 41 543.4(5.18) 0.0611 37.7 1.35 0.0746 0.00266 0.00257 0.257
2/28/01 257 41 580.5 (5.56) 0.0614 37.1 1.32 0.0683 0.00244 0.00236 0.236
3/22/01 279 36 599.9 (6.76) 0.0676 19.4 0.881 0.0334 0.00152 0.00149 0.149
Note: From 45-101 dph a sub-sample of fish was measured every two weeks, beginning 
115 dph fish the entire population was sampled. At 201 dph 23 fish with the most severe 
mouth deformities or that weighed less than 750 g were culled from the system.
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Figure 3 Absolute growth and absolute growth rate in length (a) and weight (b) of
cobia, Rachycentron canadum, between sampling intervals from 45 to 279
days post hatch. AG = Absolute growth, AGR = Absolute growth rate.
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Figure 4 Relative growth and relative growth rate in length (a) and weight (b) of
cobia, Rachycentron canadum, between sampling intervals from 45 to 279
days post hatch. RG = Relative growth, RGR = Relative growth rate.
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Figure 5 Specific growth rate in length (a) and weight (b) of cobia, Rachycentron
canadum, between sampling intervals from 45 to 279 days post hatch.
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constant (Fig. 6). Absolute growth in length decreased with age, but sampling interval 
had an important effect on the value for absolute growth (Fig. 3a). When the sampling 
interval increased from every two weeks to once a month, absolute growth expectedly 
increased (Fig. 3a). Absolute growth rate for length of the juvenile cobia decreased from 
a high of 4.91 mmd'1 at 59 dph to 0.881 mmd'1 by 279 dph (Fig. 3b). Relative growth, 
relative growth rate, instantaneous growth rate and specific growth rate all declined with 
age from a maximum value at the first sampling interval (Figs. 4a, 5). An increased 
sampling interval caused an increase in relative growth between 115 and 143 dph (Fig. 
4a). Mean initial length and weight at 45 dph were 95.1 ±1.93 mm and 4.0 ± 0.25 g and 
at 279 dph the mean and standard error of length and weight of normal cobia was 599.9 ± 
6.76 mm and 1726.7 ± 58.01 g. The coefficient of variation indicated that, although the 
standard error increased with age, the error relative to the increase in length was nearly 
constant (Fig. 7).
Growth in length and weight from 45 to 279 dph is summarized in Tables 5a,b. 
The specific growth rate in weight was 2.59 %d_1and in length was 0.787 %d'! for the 
duration of the experiment. The juvenile cobia gained an average of 7.4 gd"1 and 2.16 
mmd'1 from 45-279 dph. From 45 dph through 201 dph, the growth rate estimates of 
non-culled fish were superior to culled fish (Table 6). A common initial weight was used 
because the widespread appearance of developmental abnormalities was not noted until 
59-73 dph. Fish kept had significantly higher weights (979.72 ± 22.45 g) than those fish 
culled (527.36 ± 29.98 g) (t = -10.4649, df = 62, p-value < 0.001).
At 279 dph, male and female cobia had not attained significantly different sizes in 
length (t = -1.4736, df = 34, and p = 0.1498) and weight (t = -1.6789, df = 34, and p =
56
Figure 6 Comparing trends of standard error and the coefficient of variation of 
weight at age data. Black circles indicate standard error and red circle 
indicate the coefficient of variation.
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Figure 7 Comparing trends of standard error and the coefficient of variation of 
weight at age data. Black circles indicate standard error and red circle 
indicate the coefficient of variation.
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Table 5a Summary of growth rates in weight over course of experiment from 45- 
279 days post hatch (dph). Growth estimates are calculated for each sample interval from 
mean weight of “normal” cobia. AG = absolute growth, AGR = absolute growth rate, RG 
= relative growth, RGR = relative growth rate, IGR = instantaneous growth rate, SGR = 
specific growth rate, CV = coefficient of variation. Values in parentheses following mean 
weight indicate ± 1 standard error.
Date DPH n Mean Wt. (g) CV AG AGR RG RGR IGR SGR
(g) fed'1) (d*) (d") (rod'1)
7/31/00
3/22/01
45
279
24
36
4.0(0.25)
1726.7(58.0)
0.310
0.202 1722.6 7.4 428.5 1.83 0.0259 2.59
Table 5b Summary of growth rates in length over the course of the experiment from 
45-279 days post hatch (DPH). Growth estimates are calculated for each sample interval 
from mean length of “normal” cobia. AG = absolute growth, AGR = absolute growth 
rate, RG = relative growth, RGR = relative growth rate, IGR = instantaneous growth rate, 
SGR = specific growth rate, CV = coefficient of variation. Formulas for each growth rate 
estimate are given in the text. Values in parentheses following mean weight indicate ± 1 
standard error.
Date DPH n Mean Len. CV AG AGR RG RGR IGR SGR
(mm) (mm) (mmd'1) (d-1) (d'1) (rod-1)
7/31/00 45 24 95 (1.93) 0.0992
3/22/01 279 36 599.9 (6.76) 0.0676 504.8 2.16 5.309 0.023 0.00787 0.787
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Table 6 Comparison of growth rate estimates of “normal” fish and fish culled 201 
days post hatch (DPH). Growth estimates are calculated for each sample interval from 
mean length of normal cobia. AG = absolute growth, AGR = absolute growth rate, RG = 
relative growth, RGR = relative growth rate, IGR = instantaneous growth rate, SGR = 
specific growth rate, CV = coefficient of variation.
Kept
fish
Date DPH n Mean Wt. (g) CV AG AGR RG RGR IGR SGR
(g) (g d '1) (d-1) (d-1) (rod-1)
7/31/00 45 24 4.0 (0.25) 0.310
1/3/01 201 41 979.7 (27.63) 0.181 975.70 6.3 242.7 1.55 0.0352 3.52
Culled
Fish
Date DPH n Mean Wt. (g) CV AG AGR RG RGR IGR SGR
(g) (gd-1) (d-1) ( d 1) (% d '1)
7/31/00 45 24 4.0 (0.25) 0.310
1/3/01 201 23 527.4 (0.30) 0.273 523.37 3.4 130.8 0.83 0.0313 3.13
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0.1023), though females attained a slightly greater final mean weight (Table 7). The 95% 
confidence interval of length for males was 574-610 mm and for females was 589-635 
mm. The 95% confidence interval for weight was 1500-1800 g and for females was 
1650-2040 g. The GSI for male cobia was 0.0826 ± 7.25 x 10's (n=22), and female GSI 
was 0.348 ± 1.94 x 10'4 (n =14).
FCR was initially estimated at 0.69 and steadily increased with age before 
peaking at 279 dph (Table 8). FCR was below or approximately 1.0 through 143 dph 
when normal fish were 403.5 ± 3.77 mm (mean ± SE) long and weighed 485.9 ± 14.09 g 
(mean ± SE). FCR was estimated a 1.53 over the duration of the experiment. The 
percent body of feed fed per day steadily decreased from 7.30 %d‘] at 59 dph to 1.08 %d'
1 by 279 dph, and it averaged 1.30 %d'1 for experimental period.
Parameters for the VBGF for length of normal juvenile cobia were K = 2.52, to = 
0.0628, and Lmf = 720.8 mm (r2 = 0.973) (Fig. 8). Parameters for the VBGF function for 
length of deformed juvenile cobia are K = 2.86, to = 0.0596, and Ljnf = 588.8 mm (r2 = 
0.813) (Fig.9). A comparison of VBGF of cultured cobia and those of wild cobia may 
indicate that early growth may actually be greater than has been previously estimated 
(Fig. 10). The length-weight relationship of normal juvenile cobia was described by the 
equation W = 4.18638e-006 * L 3 09637 (r2 = 0.976) (Fig. 11). Theoretical maximum 
asymptotic weight (Wm) was estimated at 3005.98 using the parameters as defined above 
in the VBGF for length and the length-weight relationship (K = 2.52, to = 0.0628, and b 
= 3.09637) (r2 = 0.909) (Fig. 12).
Table 7 Male and female juvenile cobia size comparison at 279 dph. Differences 
between male and female size were not significant at a=0.05 for both length (p=0.1498) 
and weight (p=0.1023).
Length (mm) Weight (g)
n ! Mean Median 95% Cl Mean Median 95% Cl j Mean GSI ±
SE
Male 22 ! 592 599 574-610 1650 1520 1500-1800 0.0826
Female 14 612 624 589-635 1840 1850 1650-2040 0.348
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Table 8 Food conversion ratio (FCR) and percent body weight fed per day for 
juvenile cobia cultured in a recirculating system. Estimated FCR and percent body 
weight fed per day for the duration of the experiment were 1.53 and 1.30, respectively.
Date DPH Dry 
Food 
Fed (g)
Weight 
gain (g)
FCR Percent Body 
Weight/Day 
(%d-‘)
7/31/00 45
8/14/00 59 1032.2 1487.8 0.69 7.30
8/28/00 73 1923.1 2370.9 0.81 4.67
9/11/00 87 2684.0 3199.1 0.84 3.35
9/25/00 101 4956.7 4997.8 0.99 3.60
10/09/00 115 4248.8 3923.3 1.04 2.12
11/06/00 143 10291.5 10651.4 0.96 1.70
12/04/00 171 14575.1 12043.2 1.23 1.58
1/03/01 201 18515.4 13358.0 1.39 1.35
1/28/01 229 15407.1 10740.4 1.43 1.21
2/28/01 257 18551.0 12051.0 1.54 1.16
3/22/01 279 15820.8 7833.3 2.02 1.08
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Figure 8 Observed and predicted lengths from the von Bertalanffy growth function 
applied to length-at-age data from cobia, Rachycentron canadum, spawned 
and reared in captivity in Virginia.
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Figure 9 Observed and predicted lengths from the von Bertalanffy growth function 
applied to length-at-age data from with and without (normal) deformities 
cobia, Rachycentron canadum, spawned and reared in captivity in 
Virginia. Red line and dots indicate ‘normal’ cobia and blue line and dots 
indicate ‘deformed’ cobia.
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Figure 10 Comparison of von Bertalanffy growth curves for length of cultured cobia 
from 0-9 months to those of wild cobia sampled over sampled age 
distributions from Gulf Mexico (blue lines) (Franks et al. 1999), coastal 
North Carolina (green lines) (Smith 1995), and the Chesapeake Bay 
(orange lines) (Richards 1967). Solid lines represent curves for females 
and dotted lines represent curves for males. Parameter estimates for Gulf 
of Mexico females (Linf= 1,555.0 mm, K = 0.272, to = -1.254), males (Ljnf 
-  1,170.7 mm, K = 0.432, to = -1.150), North Carolina females (Lmf=
1350 mm, K = 0.24, to - -1.53), males 0Unf= 1050 mm, K : 0.37, to = - 
1.08), and Chesapeake Bay females (Linf= 1640mm, K = 0.23, to = -0.08), 
males (Linf = 1210 mm, K = 0.28, to = -0.06).
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Figure 11 Length-weight relationship of cobia, Rachycentron canadum, spawned 
and reared in captivity in Virginia. Data are from periodic length and 
weight sampling from 45 to 279 days post hatching (dph).
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Figure 12 Observed and predicted weights from the von Bertalanffy growth function 
applied to weight-at-age data from cobia, Rachycentron canadum, 
spawned and reared in captivity in Virginia.
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Gonad Development
A progression of testis development was evident in male specimens sampled at 
nine months post hatching and approximately twelve months post hatching (Plates 7a,b). 
The testis of younger specimens contained mature sperm, but possessed a greater 
proportion of spermatogonia and spermatocytes throughout the testis compared to the 
older specimens. Examination of testis of older specimens revealed mostly mature sperm 
in the interior, yet spermatogenic activity was still observed in the peripheral tissue. 
Testicular development of male specimens approximately one year old consisted of 
primarily mature sperm within the testis and an increased number of sperm occupying the 
efferent duct. In 3 of 11 male specimens sampled at 279 dph, primary growth oocytes 
were observed in the testis (Plate 8a,b). No abnormal gonad development was observed 
in male specimens sampled in June or July. All females were immature with primary 
growth oocytes observed in thin sections of ovaries (Plate 9).
Product Quality Evaluation
There was no difference between male and female fillet yield (t = 0.6114, df = 27, 
p = 0.546) (Table 9). Yield of skinless and boneless fillets was 46.6 percent for males and 
45.9 percent for females (Table 9). The relationship of percent fillet yield of both sexes, 
only males, and only females to either total body weight or somatic weight was not 
significant (Figs. 13 and 14).
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Plate 7 Spermatogenesis in captive reared juvenile male cobia, Rachycentron
canadum. (a) Thin section of testis of a 279 dph specimen, showing 
stages of development from spermatogonia through mature sperm, (b) thin 
section testis of a 12 month old specimen with only mature sperm present, 
sg = spermatogonia, sc = spermatocyte, ms = mature sperm.
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Plate 8 Evidence of hermaphroditic tissue in thin sections of developing cobia
testes. Note the presence of primary growth oocytes in predominately 
male gonad tissue, (a) 4X magnification, (b) 20X magnification, pgo = 
primary growth oocyte, sp = sperm.
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Plate 9 Thin section of developing ovary from 279 dph female cobia. Note the 
presence of only primary growth oocytes in the gonad tissue, pgo = 
primary growth oocyte.
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Table 9 Percent fillet yield of male and female cultured cobia approximately 9.5 
months old. Male and female fillet yield were not significantly different (t = 0.6114, d f= 
27, p-value = 0.546).
Sex N Mean 95% Cl Mean Length Mean Weight
Fillet Fillet Yield Length Range Weight Range
Yield (%) (mm) (mm) (kg) (kg)
(%)
Male 18 46.6 45.2-47.9 592 515-664 1.65 1.10-2.30
Female 11 45.9 44.0-47.8 612 523-660 1.84 1.28-2.46
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Figure 13 The relationship of percentage fillet yield of male and female juvenile 
cobia verse total weight (g). Results of linear correlations of percentage 
fillet yield and total weight for both sexes (r = 0.020, t = 0.104, -
2.052), males (r = 0.126, t = 0.508, W  = 2.012), females (r = -0.016, t = - 
0.048, W  = 2.262).
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Figure 14 The relationship of percentage fillet yield of male and female juvenile
cobia verse somatic weight (g). Results of linear correlations of 
percentage fillet yield and total weight for both sexes (r = 0.020, t = 0.105, 
tent ~ 2.052), males (r = 0.125, t=  0.506, tent = 2.012), females (r = -0.018, 
t =-0.053, W  = 2.262).
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Test subjects were able to discriminate a highly significant difference in the 
overall flavor between wild caught and cultured cobia (p<0.05), as 62.1 percent of testers 
identified the odd sample (Table 10a). The 95% confidence interval for the percentage of 
discriminators in the population was 28 to 57 percent (Table 10a). No preference was 
identified in a paired preference test of cultured and wild cobia. Wild caught cobia was 
preferred by 36 of 69 tasters, while 33 of 69 preferred the cultured cobia (Table 10b). The 
critical number established for significance in a two-tailed paired preference test at a  = 
0.05 was 43. Thus, no preference was apparent among the two samples. Comments from 
taste test subjects from both the Triangle test (Appendix I) and the Preference test 
(Appendix II) are provided. Legal Sea Food management noted that the fillets had a nice 
fat content, nice texture and excellent taste. Also, they felt that the fish could easily be 
marketed and would like to add it to their menu.
Table 10a Results of Triangle test for overall flavor difference between cultured and 
wild cobia. The weights of cultured and wild cobia used were 3.72 kg and 4.48 kg, 
respectively.
Test n Number of Critical Number Significant 95% Lower
Correct of Correct Difference and
Responses Responses (p < 0.05) Confidence
Intervals
Triangle 66 41 29 Yes 28.4- 57.9%
Table 10b Results of a paired preference test for consumer preference between wild 
and cultured cobia. The weights of cultured and wild cobia used were 3.14 and 3.04 kg, 
repectively.
Test n Preferred 
cultured cobia
Preferred wild 
cobia
Critical number 
of responses for 
preference at a  
=0.05, (3 = .10
Paired 
Preference test
69 33 36 43
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DISCUSSION
This investigation of cobia aquaculture marked the first successful attempt to rear 
cobia to a potential market size from a captive spawn in the U.S. Fundamental questions 
pertaining to the culture of cobia in recirculating systems were addressed concerning 
basic spawning and rearing methods, and growth, feed efficiency, gonad maturation, and 
flavor of cultured cobia. Cobia were induced to spawn in a recirculating system using a 
commercially available hormone, viable eggs were produced, and larvae were reared to 
the juvenile stage on a diet of rotifers, copepods, and Artemia. At 45 dph the cobia were 
successfully weaned to mysid shrimp and then weaned to a commercially available pellet. 
Juvenile growth in a temperature controlled recirculating system was rapid and cobia 
efficiently converted food to flesh. Cannibalism was not observed and post-larval cobia 
adapted well to the culture system with minimal mortality and no mortalities from 
disease. The juvenile fish were tolerant of handling and anesthesia as all fish survived 
the length and weight measurement procedures and had a quick recovery from anesthesia. 
At 279 days post hatch (dph), juvenile cobia attained an average weight of 1.73 kg. 
Maturation of males was achieved in this study, but, unexpectedly, a notable percentage 
of examined males (27 percent) were hermaphrodites, with developing oocytes within the 
testis at 279 dph. The overall flavor of cultured cobia was significantly different than the 
flavor of wild cobia, but taste test participants did not indicate a significant preference for 
either fish. Cultured cobia was accepted by taste test subjects as well as executives from 
Legal Sea Foods, Inc.
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Broodstock Collection and Spawning
An important aspect of cobia aquaculture in Virginia is the simultaneous 
availability of ripe male and female broodstock. Initial attempts to spawn cobia in 
captivity in the U.S. were unsuccessful in obtaining ripe male and female cobia 
simultaneously leading researchers to investigate the use of cryopreserved sperm for 
spawning attempts (Caylor et al. 1994). Although the broodstock collected for this study 
were predominantly females, we managed to collect ripe males at the same time ripe 
females were collected. It is important to minimize broodstock handling and transport 
stress to minimize disruption to the spawning cycle (Cleary et al. 2000, reviewed in 
Schreck et al. 2001). Hook-and-line recreational angling proved an effective method of 
targeting broodstock sized cobia, and was also employed by Caylor et al. (1994) to catch 
cobia broodstock.
Hormones are used in aquaculture to overcome potential disruptions to the natural 
spawning cycle of fish that result from being held in captivity (Zohar and Mylonas 2001). 
Since it was not known how captivity would affect the reproductive cycle of the cobia, 
the decision to hormonally induce the spawn was made to maximize the chance of viable 
egg production. A commercially available slow release form of salmon GnRHa was used 
to induce the spawn. This hormone agonist acts on the pituitary gland inducing the fish 
to release its own gonadotropins and is more potent than natural GnRH produced by the 
hypothalamus as it resists enzymatic degradation (Zohar and Mylonas 2001). Eggs were 
expected four to seven days after injection of the implants. The short time between the 
injection and the spawn suggests that the fish were in an advanced stage of development. 
Several species of fish have been spawned using GnRHa including spotted sea trout
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(Cynoscion nebulosis) and Nassau grouper (Epinephelus striatus) (Thomas and Boyd 
1989, Watanabe et al. 1995, additional species are listed in Zohar and Mylonas 2001).
In Taiwan cobia broodstock of 9 to 10 kg fed raw fish and squid spawn 
spontaneously from March to October in land based saltwater ponds (Su et al. 2000). In 
the U .S ., cobia exposed to controlled photoperiod and temperature regime have spawned 
in captivity (Anon. 2001) and cobia held in tanks and ponds spawned spontaneously in 
South Carolina (T.I.J. Smith, South Carolina Department of Natural Resources, pers. 
comm.). These reports suggest that hormone induction of cobia is not critical for cobia 
aquaculture. There has been no report of a successful strip spawning of cobia to date, 
although researchers have extruded ova and milt from mature fish (Caylor et al. 1994). 
Strip spawning of cobia is not a preferred method as the increased handling required for 
monitoring and stripping gametes increases stress and the opportunity for injury to the 
fish.
The requirements for captive spawning of marine fishes vary. Several species of 
tuna (northern bluefin, yellowfin, and black skipjack) have spawned in captivity without 
the use of hormones, but require high-quality sea water with low turbidity that is free 
from freshwater run-off (Lee 1998). Captive dolphin spawn in captivity at five to six 
months of age yielding 100,000 to 200,000 eggs per night without the use of hormones 
(Kraul 1993, Ostrowski 2000). Both wild caught and captive dolphin have been spawned 
and wild caught fish may release eggs in captivity within a few weeks (Ostrowski 2000). 
Dolphin broodstock are intolerant of poor water quality, rapid changes in water quality, 
parasitic infection and disease and males display aggressive behavior (Ostrowski 2000). 
The above mentioned species are highly active open-ocean pelagic species, so tanks and
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net pens must be large and tanks may require special adaptations to prevent fish from 
ramming the tank walls (Ostrowski 2000, Miyashita 2000). The reproductive cycle of the 
red drum is receptive to manipulation of natural photoperiod and temperature regimes. 
Red drum spawn up to seven times per month in tanks under the proper conditions 
(Henderson-Arzapalo 1992). Spawning of red drum can be compressed into 90-day 
cycles by manipulating temperature and photoperiod regimes (Roberts et al. 1978).
Though hormonal induction of spawning in cobia may not be necessary, there 
may be some value in comparing the two methods. Natural spawned southern flounder 
(Paralichthys lethostigma) produced more viable eggs per female with higher quality 
than did hormone induced spawned southern flounder, but hormone-induced, strip 
spawning of southern flounder permitted more accurate timing of spawns (Watanabe et 
al. 2001). Although the year round production of eggs has not yet been realized, the long 
spawning season and the receptive nature of cobia to photoperiod, temperature, and 
hormonal manipulations is encouraging. Year-round egg production promotes increased 
market availability of seed and marketable fish and minimizes periods of no income to 
the operation.
Larval Rearing
Taiwanese larviculture calls for the use of green water in the larval ponds to 
control water quality and transparency (Su et al. 2000). The green water technique was 
employed in this study during the static water stage of culture to maintain water quality 
and zooplankton enrichment. In Taiwan, cobia eggs are collected from the spawning 
ponds and then stocked into 200 to 300 m3 ponds at 3 to 10 larvae L '\  and survival of
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cobia from eggs to 8 to 10 cm fingerlings on Taiwanese farms typically ranges from five 
to twenty percent (Su et al. 2000). High larval mortality has been observed in early 
studies in which 35 and 70-L containers were used (Hassler and Rainville 1975a) and 
reports from Taiwan culture efforts indicate that larval survival is low when space is 
limited (Liao et al. 2001). The extremely high stocking density in conjunction with the 
smaller size of the four 280-L tank system were likely contributing factors to low larval 
survival observed in that system. Although some marine species have been cultured at 
egg stocking densities of over 100 L '1 (Hemandez-Cruz etal. 1999, Baskerville-Bridges 
and Kling 2000), other species require lower stocking densities (Ostrowski 2000). Space 
limitations and an over supply of eggs led to the extremely high stocking density of eggs 
in this study. Decomposition of unfertilized eggs leads to deteriorated water quality and, 
possibly, to increased oxygen demand on the system from microbial respiration and may 
have provided an energy source for pathogens.
At 3 dph, larval cobia in Taiwan are fed rotifers, copepods, and microparticulate 
feeds, which is similar to the feeds offered at the same time in this study. The optimum 
size, type, and timing of live feeds has yet to be identified for cobia (Liao et al. 2001).
The need for copepods in the larval cobia diet has been reported qualitatively, but the 
quantitative requirement for copepods has not yet been identified (Liao et al. 2001). 
Copepods have excellent nutritional value for larval fish and may prove to be an essential 
part of the diet for larval cobia (Sttottrop 2000, Liao et al. 2001). Copepods or natural 
zooplankton diets comprised primarily of copepods have been reported to enhance larval 
survival, growth, in red snapper (Ogle et al. 2001), dolphin (Hassler and Rainville 1975b, 
Kraul 1991, Ostrowski 2000), and cobia (Hassler and Rainville 1975a).
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Detailed nutritional requirements of larval cobia must be identified so that 
appropriate feeds and enrichments can be developed specifically for cobia that will help 
improve larval survival. It is not known why larval cobia in this study did not accept 
microparticulate feeds that were offered. If cobia can be trained to accept 
microparticulate feed, time to weaning can likely be reduced and the use of mysid shrimp 
or other transitional feeds could be eliminated. Any microparticulate diet offered must be 
nutritionally complete so that survival and growth are not compromised once live foods 
are discontiued. Red drum larvae have been completely weaned to a 250 pm floating 
microparticulate diet by 5 dph (Holt 1993).
Until specific requirements are identified and techniques are developed larval 
survival will not be optimized and will be highly variable. Survival of dolphin larvae to 
the juvenile stage typically ranges from zero to twenty percent (Ostrowski 2000). 
Improvements in larval survival were made as specific requirements of larvae were 
discovered, including the need of turbulence for yolk-sac stage fish, using rotifers as a 
first feed, and copepods as a second feed (Kraul 1993). After the first week, essential 
fatty acids, particularly DHA and EPA, play an important effect in survival and larval 
development (Ostrowski 2000) with mass mortality occurring at 12 to 14 dph is larvae 
are fed DHA deficient diets. Bluefin tuna larvae reared in captivity are fed rotifers, 
Artemia, and other fish larvae, respectively (Kaji et al. 1996, Lee 1998From a spawn of 
80 million eggs, 1 to 2 million eggs hatch, and within three weeks only several thousand 
fish remain (Lee 1998).
Cultured cobia larvae grew slowly the first ten days but then displayed rapid 
growth through 30 dph. The growth of the cobia fit an exponential model and was similar
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to that reported for dolphin and faster than that reported for red drum (Ostrowski 2000, 
Lee et al. 1984). An increase in temperature by 2°C doubles the growth rate of dolphin 
larvae to 40 dph (Ostrowski 2000). Red drum larval growth is significantly affected by 
temperature (Lee et al. 1984). The effect of temperature on growth, survival, and health 
of larval cobia has not been investigated. Survival of larvae to juveniles is more 
important than growth rates of the larvae, as decreased growth can be compensated 
during the juvenile stage, but the number of juveniles cannot be adjusted without 
additional egg production.
Juvenile Growth and Feeding
Cobia exhibit high growth rates in the wild particularly in the first two years of 
life. Detailed information on first year growth rates of wild fish is lacking, since these 
cohorts are rarely collected in research sampling (Richards 1967, Smith 1995, and Franks 
et al. 1999). This study provides the most detailed examination of growth in the first year 
of life for cobia, although captive nutrition and environmental conditions differ from 
natural conditions and wild age-0 fish growth may differ. Juvenile fish typically 
experience exponential weight gain and linear increases in growth (Bradford and Geen 
1987, Bennetti 1995, Ricker 1979). The high value for K (2.52) indicates that cultured 
cobia have high initial growth rates and may also indicate that cultured fish were rapidly 
attaining their maximum size in the small culture vessel. Juvenile cobia displayed a trend 
toward asymptotic growth in both weight and length, though growth in weight had an 
exponential phase. Cobia attained weights of over 3 kg in approximately twelve months 
in this study, but Taiwanese culture efforts have produced fish 6 to 8 kg in the same time
96
period (Su etal. 2000). The high culture density of fish relative to the culture system, the 
size of the culture system, stress from declining water quality, and lack of knowledge of 
optimal culture conditions for cobia may account the apparent depressed growth of cobia. 
Kraul (1993) reported that post-larval growth of dolphin is affected by tank size, water 
quality, temperature, and feeding. Fish experiencing stress from confinement and 
crowding must reallocate energy and materials slotted for growth to other metabolic 
functions (Brett 1979).
Stocking density of cobia in the experimental system at 279 dph was 
approximately 9.1 fish m'3 while typical densities for grow-out in Taiwanese net-pens is 4 
to 6 fish m'3. Grow-out of cobia in Taiwanese cage culture is conducted in rearing units 
that range from 27,000 to 216,000 L for fish from 30g to 600-1 OOOg and in 680,000 to 
2,500,000 L cages for final grow-out (Su et al. 2000). The 1,000-L recirculating system 
used in this study was much smaller. Hybrid striped bass reared in confining cages in a 
pond displayed significantly lower growth and had a significantly higher FCR than fish 
reared in the same pond without confinement noting that the unconfined fish had access 
to natural food sources (Kelly and Kohler 1996). In the last few weeks of the study 
period, maintaining adequate water quality became problematic as the biological 
filtration system was unable to handle the nitrogen load from the of fish in the system. 
Water exchange rates reached approximately fifty-percent three times weekly by the end 
of the experiment.
Fish in Taiwanese cage culture are fed a diet of fish and squid, moist pellets or 
dry pellets (Su et al. 2000). The protein and lipid requirements for fish 35g are 44.5 
percent and 5.76 percent respectively (Chou 2001). The feed fed in this study had higher
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levels of protein, 55 to 56 percent, and lipid, 14 percent. Ideal temperature for grow-out 
of cobia has yet to be determined, and it is likely that growth rates can be improved once 
an optimum temperature has been defined. Neither pathogens nor parasites were detected 
at any point in this study; therefore, the reduced growth rate of the cobia cultured in this 
study cannot be attributed to disease induced stress.
Cultured cobia in this study demonstrated rapid growth rates despite the confined 
rearing conditions in which they were raised, and only a few species, including dolphin 
and tuna, display faster growth among candidate and cultured species (Bennetti 1995, 
Miyashita et al. 2000). In a short period of time cobia has come to dominate the off­
shore cage culture industry in Taiwan. Most species in Taiwanese off-shore cage culture 
typically reach a market size of 600g in approximately twelve months, while the narrow 
banded batfish (Platax orbicularis) and amberjack (Seriola dumerili) reach market sizes 
of 600 to l,000g and 1,800 to 2,500g in twelve months or less (Liao In review). Cobia 
dramatically outperform these species reaching market sizes from 2,000 to 8,000g in 
twelve months or less (Liao In review).
Cultured cobia growth rate estimates were compared to captive dolphin 
(Coryphaenus hippurus) growth rates (from Bennetti et al. 1995) (Table 11). Both 
species are candidate species for commercial aquaculture. Though the growth rates were 
estimated for approximately equal times, some important factors must be considered 
when comparing these data. First, the initial sampling of dolphin began at an earlier age. 
These species experience rapid weight gains from 1 to 1.5 months of age (Ostrowski 
2000, this study). This imparts significantly greater relative growth and relative growth 
rate estimates when smaller fish are used for initial values. Second, the dolphin were
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Table 11 Comparison of juvenile growth rates of captive cobia, Rachycentron
canudum, to captive dolphin*, Coryphaena hippurus. Cobia growth rates are from 1.5-9 
months of age and dolphin growth rates are from 1-9.5 months of age.
Cobia Dolphin
Absolute growth (g) 1722.6 4,929
Absolute growth rate (g d '1) 7.4 19.18
Relative growth 428.5 70,413
Relative growth rate (d'1) 1.83 273.98
Instantaneous growth rate (d"1) 0.0259 0.043
Specific growth rate (%d'1) 2.59 4.33
I—<oo 720.8 1,699
3,005 58,417
to 0.0628 0.068
K 2.52 0.72
b 3.10 3.07
* Data for dolphin growth rates are from Benetti et al. 1995.
cultured in much larger rearing vessels (1-3 months -  18,800-liter tank; 3-9.5 months -  
28,000-liter tank) than was used for cobia (4,500-L tank -  1.5-9 months). Additionally, 
dolphin were fed a pellet diet supplemented with fish and squid; however, the cobia in 
this study were fed a only commercially available diet with a high protein and lipid 
content, that was not based on the optimal requirements of the fish which remain largely 
unidentified (Chou et al. 2001).
Juvenile cobia had an excellent food conversion ratio (FCR) that was less than or 
near 1 through 143 dph and was less than or equal to 1.54 through 257 dph. As nutritional 
requirements and husbandry techniques of Atlantic salmon the FCR has been lowered to 
near 1 throughout the grow-out period (Moerkoere and Roervik 2001). During the final 
sampling interval of this study the FCR jumped to over 2 and that factors that led 
decreased growth also likely contributed to increased FCR as energy that could be used 
for growth had to be transferred to other metabolic functions. The FCR of cobia fed an 
extruded feed in Taiwanese net-pens are reported to range from 1.02 to 1.80 increasing 
with size for fish from 30 to 5,000g (Su et al. 2001). The percent daily feed values of 
the cobia in this study initially were similar to those of Taiwanese net-pen reared fed an 
extruded pellet fish, but decrease as the fish increase in age. The type and nutritional 
value of the feed and schedule of feeding could cause the observed difference in the rate 
of feeding.
A recent trend in aquaculture has been to target candidate species (e.g., dolphin, 
snappers, groupers, flounders, tunas, and cobia) that occupy upper trophic levels of the 
marine food chain. These species are a highly desirable food fish that demand high 
market prices that can potentially offset production costs and yield considerable profit.
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However, these carnivorous species require high quality feeds of animal origin, generally 
small pelagic ocean fish. Some of these prey species are considered close to levels of 
over-exploitation or their current stock status is (Atlantic States Marine Fisheries 
Commission 1999). This has raised concern about the sustainability of this form of 
aquaculture (Naylor et al. 2000). It is argued that the continued harvest practice of 
“fishing down” trophic levels, partly for the supply of fish for fish meal portions of 
aquaculture feeds, may lead to unsustainable harvests of forage fish and have drastic 
consequences of marine food web dynamics (Pauly et al. 1998, Naylor et al. 2000).
Although the use of fish meal in aquaculture feeds has increased rapidly over the 
last decade, only one-third of fishmeal is converted into aquaculture feeds (cited in 
Naylor et al. 2000). The remaining two-thirds of fishmeal is incorporated into the diet of 
terrestrial livestock and animal feeds (cited in Naylor et al. 2000). Aquaculture feeds 
have a greater dependency on fishmeal than terrestrial agriculture feeds, as the use of fish 
meal in terrestrial based agriculture feeds typically comprises a small supplement of fish 
meal protein compared to feeds for carnivorous fish culture.
The use of plant protein sources, such as soybean oil, has been the focus of 
investigations attempting to partially or to wholly replace fish meal in aquaculture feeds. 
Soybean oil has been found to be acceptable as a partial replacement for fish meal in 
Atlantic salmon (Bjerkeng etal. 1997). Without knowledge of species-specific nutritional 
requirements, vegetable oils are unable to completely replace fish meal in aquaculture 
feeds and growth and flavor of cultured fish may be affected (Postel et al. 1996). The 
incorporation of non-protein energy sources (lipids and carbohydrates) to lower the
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protein requirement of feeds, “protein sparing”, has also proved an effective method to 
reduce dependence on fish meal (Nankervis 2000).
The costs of feed and labor are the greatest adjective expenses of aquaculture 
ventures and protein is the most expensive component of feed (Lutz et al. 1996, Tucker 
1998). It is in the best interest of ventures to explore sources of protein that are less 
expensive, as long as the growth, survival, health, and product quality are not sacrificed. 
Until specific nutritional guidelines are developed for each cultured species, it is likely 
that fish meal will constitute the major source of protein for carnivorous species. It is 
important to remember that the culture of carnivorous fish is largely in its infancy. 
Ultimately, the species that are the most efficient and cost effective to produce will be 
cultured, and significant improvements in feed formulation and fish nutrition can be 
expected that will mitigate dependence on declining wild fish stocks.
Gonad Development and Sex Ratio
In accordance with previous work, maturation of male cobia occurred earlier than 
in females, as males possessed functional sperm at approximately nine months of age, 
while ovaries were comprised of primary growth oocytes in females (Lotz et al. 1996, 
Richards 1967). The presence of primary growth oocytes in developing testes was 
singular in that masses of oocytes had progressed to a stage of perinuclear stage of 
primary maturation growth and has not been observed in wild cobia (Harry Grier, Florida 
Marine Research Institute, pers. comm.). A condition of testis-ova has been described in 
other teleosts, but the term is specific in its reference to a few primary growth oocytes 
scattered in male tissue (Harry Grier, Florida Marine Research Institute, pers. comm.,
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Blazquez et al. 2001). Since few cultured specimens of this age (size) have been 
examined histologically, the cause of this hermaphroditic condition cannot be 
determined. The processes sex determination and sex differentiation in teleosts generally 
progress as temporally distinct events, and the physiological sex of fish can be influenced 
by environmental factors (Conover and Kynard 1982, Shapiro 1992, Nakamura et al. 
1998, Blazquez et al. 2001). Further examination of juvenile cobia gonad development 
(both wild and cultured) is necessary to elucidate the extent and causes of hermaphroditic 
tissue in maturing testis.
Of the 41 specimens in this study that reached nine months of age, 27 were male 
and 14 were female. Cobia are known to occur in localized populations of unequal sex 
distribution in the wild. For example, within the Chesapeake Bay, Richards (1967) 
reported that males out-numbered females taken on the eastern shore (74 males to 26 
females) while the opposite pattern was observed on the western shore (28 males to 72 
females). However, the sex ratio of the total catch during that period was approximately 
1:1 (102 males: 98 females). Similarly, the sex ratio cobia on the east coast of the 
Mississippi was skewed in favor of females, 2.7:1 (Franks et al. 1999). There are no 
fishery-independent estimates of sex ratios of wild fish and the cause(s) of higher 
numbers of surviving males in this study is unknown.
Deformities
Lordosis and malformations of the opercula and jaw were observed in several 
cobia in this study. Such skeletal deformities are not uncommon in hatchery reared larval 
fishes although the causes are not well known (Andrades et al. 1996, Trotter et al. 2001,
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Sadler et al. 2001, and Cobcraft et al. 2001). The earliest observation of a deformity was 
observed in a single larva, 16 dph, which had a lower jaw deformity. A general 
explanation for this is that the culture environment lacks the selective pressures of the 
natural environment. Genetic, nutritional and environmental factors may play a role.
Product Quality Evaluation
Wild cobia has a mild flavor and firm texture that is favored by many familiar 
with the taste of cobia. It would have been ideal for cultured cobia to have a flavor that 
was indistinguishable from wild cobia, but test subjects identified a very significant 
difference between the two choices. Despite the difference in flavor, test subjects had no 
clear preference of either cultured or wild cobia, though wild cobia was slightly favored 
over cultured fish. This may reflect a wide difference in consumer preference pertaining 
to the flavor of fish, or it could be an artifact of the small number of fish used in the 
study. The assumption was made that the wild and cultured fish used in the taste tests 
had a flavor representative of each respective population. The percent fillet yield was not 
correlated to either total or somatic body weight in this experiment, thus over the size 
range examined, there was no evidence supporting increased yield as fish obtain a greater 
size. The fillet yield of cobia 46 percent compares to hybrid striped bass (50 percent), 
brook and rainbow trout (50-53 percent) (Bosworth et al. 1998, Rasmussen and 
Ostenfield 2000). Cobia fillet yield was much lower than that of Atlantic salmon (68 
percent), but was greater than that of channel catfish (Einen et al. 1999, Li et al. 2000).
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Recommendations
This investigation into the feasibility of cobia aquaculture yielded promising 
results, but also identified obstacles to large-scale production. Consistent and predictable 
captive spawning protocols must be developed. If wild broodstock are obtained for 
spawning each year, collection efforts would benefit from a method of non-intrusive 
gender determination. Also, natural and hormone induced spawns need to be compared 
to determine the most effective method or combination of methods. Steps to domesticate 
broodstock should also be made, such as reproductive cycle manipulation to obtain out- 
of-season spawns and extended spawning periods. The most critical “roadblock” in this 
study was the low juvenile production resulting from high larval mortality, and larval 
husbandry and nutritional requirements need to be elucidated. Cultured cobia can be 
grown to potential market size in temperate latitudes in recirculating systems, but 
production techniques need to be developed and optimized for U.S. production to 
compete economically with Taiwanese cobia culture. Further research necessary to 
document the extent of hermaphroditism in cultured cobia. If this condition proves to be 
specific to cultured cobia or occurs with notable frequency, then the causal factors must 
be determined and the implications for culture must be seriously considered by 
investigators, managers, and aquaculturists.
Utilization of information and methods of Taiwanese cobia culture should aid the 
development of optimal husbandry conditions. In Taiwan, the production of cobia has 
developed rapidly because of its competitive traits for open ocean aquaculture like 
relatively inexpensive mass fry production, ease in weaning to pellet feeds, fast growth 
rate, tolerance to high stocking densities, resistance to parasites, and excellent meat
105
quality (Su et al. 2000, Liao In review). A large-scale cooperative research initiative into 
cobia aquaculture between several research and industry partners in the U.S. has been 
initiated to address additional biological and technical questions, and to investigate 
economic feasibility. At this early stage of investigation, the cobia remains a promising 
candidate for marine finfish culture in the U.S.
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APPENDIX I 
Selected Comments from Triangle Test
Cultured fish codes: A, 025, 025, 427 
Wild fish codes: B, 099,548, 957
Subject
Number
Sample
Order
Comments
3 ABA “384 - Good texture, good taste, 099 -  Good texture, good taste, 
025 -  tougher, not as much flavor”
4 BAB “427 -  slight difference in texture; no perceptible difference in 
flavor”
5 AAB “They were all good”
7 AAB “099 -  slightly more bitter than others”
8 BAA “ Couldn’t tell the difference so I guessed, -good fish”
9 ABA “All very good 427 slightly lighter taste/less aftertaste”
12 BBA “427 -  different part of fillet”
13 ABB “very similar difficult to say”
14 BAB “close flavor(each)”
15 BBA “548 -  more tender, not as tangy”
16 BAA “All taste ‘great’ but 099 was slightly sweeter”
18 ABA “Yummy... 957 was just slightly different -  didn’t taste as good”
20 BBA “All 3 tasted good”
24 ABA “Yummy! I’d definitely buy this fish if offered for sale”
25 BBA “They all are good, only a little bit different in texture”
27 BAA “427 -  had milder flavor, also had a small amount of skin on it”
28 BAB “Sample with bone was the best”
29 AAB “548 -  Less fishy, by far better to me”
30 ABA “025 -Taste similar meat not as firm”
33 BAA “I like the flavor”
34 BAB “Need iced tea, cole slaw hush puppies and tartar sauce”
37 BAA “957 -  was a bit tougher, less ‘savory’ than other 2. 384 & 025 
was more ‘melt in your mouth’”
38 ABB “more fine meat”
39 AAB “025 -  had a stronger flavor”
40 BAB “slight preference for (selected) odd sample -  427”
41 ABA “957 -  less flavored”
45 BAA “427 & 384 tasted stronger”
47 ABB “All are good”
50 AAB “548 was not as flavored as 427 or 025”
51 ABA “957 - odd sample has same background taste as others, with 
additional sharpness or different flavor over the background”
53 BAA “All were good, 548 was more dry & tasted slightly different”
54 BAB “957 -  ‘fishy’, 025 -  v. good, not so ‘fishy’, 099 -  good”
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55 BAB “957 -  Juicier! Fishier flavor!”
58 BBA “Texture slightly different???”
59 AAB “Totally guessed!”
60 BAA “Nice... all three, but they need to be kicked up a notch like in 
Emeril Live”
61 BAA “Texture seemed a little different, and maybe a little less ‘fishy’ 
tasting”
62 ABB “all samples very yummy, I think 025 is different- chewier and a 
little more bland than the others”
63 AAB “548 -  this one has a milder taste”
64 BAB “all very good”
65 ABA “427 -  tasted slightly ‘fishy, but not bad the other 2 were milder”
67 BAA “All very good -  099 seemed milder”
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APPENDIX II 
Selected Comments from Preference Test
Cultured fish codes: C, 161, 407 
Wild fish codes: W, 605, 807
Subject
Number
Fish
preferred
Comments
1 W “605 had more wild caught and fishy taste. Slightly bitter too, 
compared to 407. 407 sweeter, more full in taste more 
ssatisfying to the palette. Rock on”
2 C “807 was slightly sweeter. Also it seemed more tender and a bit 
more moist. The difference was very slight. I would order both 
again.”
3 c “Sample 807 seemed to have more flavor, both smelled the 
same and had similar texture”
4 c “807 tasted fresher to me. It had a milder taste. I liked it - and 
would but it in a seafood market.”
5 w “Little sweeter, stronger seafood taste like crab.”
6 c “They were both were very good and had similar texture and 
appearance, but I chose 605 b/c it had a more distinct fish 
flavor, thought many people don't”
7 c “605 tastes more like real fish, 407 is less flavored and will 
need spice”
8 w “161 - more tender less firm. A bit blander but less after taste, 
807 - firmer slightly stronger taste more after taste”
9 c “605 - more flavorful, the other was almost too mild( if I'm 
eating fish, I prefer a bit of flavor)”
10 w “407 a little fishy but cleaner flavor 807 bland and a little 
musty, neither is undesirable but 407 is better”
11 c “605 - Good flavor, tasty chewy, 407 - blander. First one 
seemed to have more flavor, a bit chewier but not in real bad 
way.”
12 w “161 firm consistency and mild taste”
13 c “Preferred the texture - firm yet flaky - Taste smooth - texture 
of 407 - slightly drier to me.”
14 w “807 has an unpleasant after taste - almost like a mud or 
sediment, like though 161 had less flavor - very mild”
15 w “161 - softer, easy to cut, milder (more like spot), 605 coarser, 
more fish flavor”
16 w “407 mild good fish, 605 stronger but good flavor. Both were 
good, I chose the left sample b/c it was milder. Would be good 
in a variety of recipes”
17
.
w “407 was moister, has a richer nuttier flavor. 605 was a bit dry 
and tough”
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18 W “Flavor very similar - 161 was flakier and texture was more 
palatable. Taste on 161 slightly better.”
19 C “I like both, but prefer 605 b/c it is milder overall. 161 has more 
fishy or gamy overtones to the base flavor. Was more difficult 
to distinguish the flavor difference this time.”
20 c “Slightly firmer meat, more flavorful, but it was drier 407 was 
slightly blander. Taste of 807 was sweeter.”
21 c “Better tasting”
22 w “Liked the texture of 161 better, both were good”
23 w “More tender sweeter”
24 c “807 - nice mild seafood taste with good consistency”
25 w “The 161 had more of a puffier texture. The taste was more 
flavorful. 605 had a more acidic or hard flavor. 161 also had a 
lot more juice to it.”
26 w “407 - seemed to be a little more moist but it was such a minor 
difference. They generally were both good and I found overall 
difference negligible”
27 w “407 - it was less muddy tasting”
28 w “161 - was flakier less chewy and more tender”
29 w “605 - was much tougher and more of a fishy taste/aftertaste 
161 was a very good smooth tasty tender meat (sort of like 
spadefish)”
30 c “807 - seemed to have a fuller richer flavor and was a bit softer”
31 c “605 - not too much brown, earthy taste, 407 more brown stuff, 
more mushy tasting”
32 w “161 - has better texture, 807 is drier, 161 has fuller flavor, not 
more fishy, just fuller”
33 c “807 - was a little fishy on the exterior, but there was more 
flavor and I preferred the texture a little more (407 not bad 
though)”
34 w “161- firmer, less of a fishy taste”
35 c “605 - the sample on the right was more mild than the left. The 
left one was a bit too fishy. They were very similar”
36 c “605 - more flavor”
37 c “Because 605 tastes better and better texture also less fishy taste 
than 407”
38 c “807 sweeter more delicate flavor”
39 c “161 seemed to have a fishy taste. 605 did not or much less. 
The texture of 605 was more firm”
40 c “407 - smelled fishy, tasted fishy, flakier 807 - tougher less 
fishy, 807 less fishy, preferred 407 texture”
41 w “Both tasted pretty much the same, but I had to pick one. I think 
605 was a little mushier (but not much).”
42 w “807 - seemed to have an after taste/something not fishy - 
tasting to it, very similar though”
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43 C “407 had a crabby taste (dark color on one side) 807 was milder 
which I prefer”
44 W “807 had a sort of "watered down" taste 161 had a fuller taste, 
but both were good - not being a big fish fan, I’d eat both 
broiled”
45 w “161 good flavor not too fishy 605 more fishy after taste 
(stronger)”
46 w “407 had a simpler taste. There was a slight taste of something 
slightly moldy of not quite right about # 605”
47 w “605 tasted "fishy" by that I mean it tasted like a aquarium (or 
what a pet store smells like if that makes any sense) 407 was 
more savory and meaty tasting it was richer”
48 w “161 it is a less fishy taste, sweeter tasting fish”
49 w “161 sample on left tasted a little less strong (fishy)”
50 w “807 tasted a little bitter and had a grassy after taste”
51 c “605 tasted bitter, fishy taste, and I like it, 407 was ok too”
52 c “I liked both of them pretty much equally, but since I had to 
pick one I chose 807 b/c it had a slightly milder, smokier taste”
53 w “I liked 407 better because it was not as tough as 807. It (407) 
was a little more fishier, but I definitely liked it better”
54 w “I didn’t like the softer felling one of the first one (807) when it 
went in my mouth, it felt slimy and kind of old and the second 
one tasted a lot better”
55 w “Very difficult decision after much deliberation. I thinks 161 
had a bit more flavor”
56 c “605 had more flavor. Both had good texture, and neither tested 
bad, but 407 was a little blander, and didn’t have much flavor”
57 w “taste better”
58 w “161 tastes more like a saltwater fish and 807 more like a 
freshwater fish 807 stronger and tougher”
59 c “not quite so strong”
60 w “407 tasted better, 807 seemed tougher”
61 c “407 texture better, more moist, but the taste isn't as interesting”
62 c “807 - stronger almost sharper taste. Given the normal taste of 
cobia, I’d prefer to use/cook with 807”
63 c 807 Stronger more fishy flavor, slight difference in texture with 
407 seeming to have more muscle fiber
64 c “161 tastes like how the water smells here at VIMS, 161 is 
clearly the cultured fish and I prefer 807”
65 w “605 slight dirt taste”
66 c “605 had a somewhat milder flavor (though I like blue fish 
which is a stronger tasting fish. To be honest quite hard to tell 
them apart”
67 c “407 had a stronger fishier taste 605 was much smoother”
68 c “I preferred sample 807 b/c it seemed to have more flavor and
I l l
was less fishy. I also though that 161 was very fishy”
69 W “Although 605 had a softer texture, 161 had a better taste it was 
more flavorful”
112
LITERATURE CITED
Andrades, J.A., J. Becerra, and P. Femandez-Llebrez. Skeletal deformities in larval 
juvenile and adult stages of adult glithead seabream (Sparus aurata L.). 
Aquaculture 14: 1-11.
Anonymous. 1998. Filipino-Taiwan venture grows new species: pioneers sergeant fish 
project in Mindanao. Fish Farming International. 25(12): 8-9.
Anonymous. 2001. Cobia spawning breakthrough. World Aquaculture Magazine 32(2): 
67.
Arendt, M.D., J.E. Olney, J.A. Lucy. 2001. Stomach content analysis of cobia,
Rachycentron canadum, from lower Chesapeake Bay. Fishery Bulletin 99(4): 
665-670.
Atlantic States Marine Fisheries Commission. 1999. Terms of reference & advisory 
report for the Atlantic menhaden stock assessment peer review. Conducted on 
November 16-18, 1998, Baltimore, MD. Stock Assessment Report No. 99-01 of 
the Atlantic States Marine Fisheries Commission, 13 p.
A vault, Jr., J.W. Fundamentals of Aquaculture. A step by step guide to commercial 
aquaculture. Batan Rogue, LA: AVA Publishing Company Inc., 1996.
Baskerville-Bridges, B., and L.J. Kling. 1999. Larval culture of Atlantic cod (Gadus 
morhua) at high stocking densities. Aquaculture 181: 61-69.
Benetti, D.D., E.S. Iverson, and A.C. Ostrowski. 1995. Growth rates of captive dolphin, 
Coryphaena hippurus, in Hawaii. Fishery Bulletin 93:152-157.
Biesot, P.M., R.E. Caylor, and J.S. Franks. 1994. Biochemical and histological changes 
during ovarian development of cobia, Rachycentron canadum, from the northern 
Gulf of Mexico. Fishery Bulletin 92:686-696.
Blazquez, M, A. Felip, S. Zauny, M. Carrilo, and F. Piferrer. 2001. Critical period of 
androgen-inducible sex differentiation in a teleost fish, the European sea bass. 
Journal of Fish Biology 58: 342-358.
Bjerkeng, B., S. Refstie, K.T. Fjalestad, T. Storebakken, M. Roedbotten, A.J. Roem.
1997. Quality parameters of the flesh of atlantic salmon (Salmo salar) as affected 
by dietary fat content and full-fat soybean meal as a partial substitute for fish meal 
in the diet. Aquaculture 157: 295-307.
Bosworth, B.G., G.S. Libey, and D.R. Notter. 1998. Relationships among total weight,
113
body shape, visceral components, and fillet traits in palmetto bass (striped bass 
female, Morone saxatilis x white bass male, M. chysops) and paradise bass 
(striped bass female, M . saxatilis x yellow bass male, M. mississippiensis). 
Journal of the World Aquaculture Society 29(1): 40-50.
Bradford M.J. and G. H. Geen. 1987. Size and growth of juvenile chinook salmon back- 
calculated from otolith growth increments. In The Age and Growth of Fish, 
Robert C. Summerfelt and Gordon E. Hall (Eds.). Ames, Iowa: The Iowa State 
University Press, pp. 453-461.
Brett, J.R. 1979. Environmental factors and growth. Pages 599-675 in W.S. Hoar, D.J.
Randall, and J.R. Brett, editors. Fish Physiology, volume VIII, Bioenergetics and 
growth. Academic Press, San Diego, California, USA.
Briggs, J.C. 1960. Fishes of worldwide (circumtropical) distribution. Copeia 
1960(3): 171 -180.
Brown-Peterson, N.J., R.M. Overstreet, J.M. Lotz, J.S. Franks, and K.M. Bums. 2001. 
Reproductive biology of the cobia, Rachycentron canadum, from the coastal 
waters of the southern United States. Fishery Bulletin 99:15-28.
Caylor, R.E., P.M. Biesot, and J.S. Franks. 1994. Culture of cobia {Rachycentron
canadum): cryopreservation of sperm and induced spawning. Aquaculture 125(1 - 
2): 81-92.
Chou, R-.L., M-.S Su, H-.Y. Chen. 2001. Optimal dietary and lipid levels for juvenile 
cobia {Rachycentron canadum). Aquaculture 193: 81-89.
Cleary, J.J., N.W. Pankhurst, S.C. Battaglene. 2000. The effect of capture and handling 
stress on plasma steroid levels and gonadal condition in wild and farmed snapper 
Pagrus auratus (Sparidae). Journal of the World Aquaculture Society 31(4): 558- 
569.
Cobcraft, J.M., P.M. Hankhurst, J. Sadler, P.R. Hart. 2001. Jaw development and
malformation in cultured striped tmmpeter Latris lineata. Aquaculture: 267-282.
Conover, D.O., Kynard, B.E. 1982. Environmental sex determination: Interaction of 
temperature and genotype in a fish. Science 213: 577-579.
Ditty, J.G., and R.F. Shaw. 1992. Larval development, distribution, and ecology of cobia 
Rachycentron canadum (Family: Rachycentridae) in the northern Gulf of Mexico. 
Fishery Bulletin 90: 668-677.
DuPaul, W.D., M.J. Oesterling, and L.A. Rose. 1997. Marine finfish aquaculture in
114
Virgina. Species profiles: cobia {Rachycentron canadum). Virginia Mar. Res. 
Rep. No. 97-4:23-27. Virginia Inst. Mar. Sci., College of William and Mary, 
Gloucester Point, VA 23062.
Einen, O, T. Morkore, A.M. Bencze Rora, M.S. Thomassen. 1999. Feed ration prior to 
slaughter - a potential tool for managing product quality of Atlantic salmon 
(Salmo salar). Aquaculture: 149-169.
FAO. 2000. The state of world fisheries and aquaculture 2000. FAO Fisheries 
Department. Rome (Italy).
FAO Inland Water Resources and Aquaculture Service, Fishery Resources Division
Review of the state of world aquaculture. 1997. FAO Fisheries Circular. No. 886, 
Rev.l. Rome, FAO. 1997. 163 p.
Forster, J. and R. Hardy. 2001. Measuring efficiency in intensive aquaculture. World 
Aquaculture 32(2): 41-45.
Franks, J.S., N.M. Garber, and J.R. Warren. 1996. Stomach contents of juvenile cobia, 
Rachycentron canadum, from the northern Gulf of Mexico. Fishery Bulletin 94: 
374-380.
Franks, J.S., J.R. Warren, and M.V. Buchanan. 1999. Age and growth of cobia,
Rachycentron canadum, from the northeastern Gulf of Mexico. Fishery Bulletin 
97: 459-471.
Hassler, W.W. and R.P. Rainville. 1975a. Techniques for hatching and rearing cobia, 
Rachycentron canadum, through larval and juvenile stages. North Carolina Sea 
Grant, Publication UNC-SG-75-03.
Hassler, W.W. and R.P. Rainville. 1975b. Techniques for hatching and rearing dolphin, 
Coryphaena hippurus, through larval and juvenile stages. North Carolina Sea 
Grant, Publication UNC-SG-75-31.
Hecht, T., and A.G. Pienaar. 1993. A review of cannibalism and its implications in fish 
larviculture. Journal of the World Aquaculture Society 24(2): 246-261.
Henderson-Arzapalo, A. 1992. Red Drum Aquaculture. Reviews in Aquatic Sciences. 
6(5,6): 479-491
Hemandez-Cruz, C.M., M. Salhi, M. Bessonart, M.S. Izquierdo, M.M. Gonzalez, H. 
Femandez-Palacios. 2000. Rearing techniques for red porgy (Pagrus pagrus) 
during larval development. Aquaculture 179: 489-497.
Holt, G.J. 1993. Feeding larval red drum on microparticulate diets in a closed
recirculating system. Journal of the World Aquaculture Society 24(2): 225-230.
115
Iverson, E.S. and K.K Hale. 1992. Aquaculture Sourcebook: A Guide to North American 
Species. New York: An Avi Book, published by Van Nostrand Reinhold. 308 pp.
Johnson, G.D. 1984. Percoidei: Development and relationships. In Moser, H.G., et al. 
(eds.), Ontogeny and systematics of fishes, p. 464-498. Special Publication 1, 
American Society of Ichthyologists and Herpetologists, Allen Press, Lawrence, 
KS.
Johnson, H.M (editor). 2001. 2001 Annual Report on the United States Seafood Industry. 
Ninth Edition. H.M Johnson and Associates, Jacksonville, OR.
Joseph, E.B., J.J. Norcross, and W.H. Massmann. 1964. Spawning of the cobia,
Rachycentron canadum, in the Chesapeake Bay, with observations of juvenile 
specimens. Chesapeake Science 5: 67-71.
Kaji, T., M. Tanaka, Y. Takahashi, M. Oka, and N. Ishibashi. 1996. Preliminary
observations of Pacific bluefin tuna Thunnus thynnus (Scombridae) larvae reared 
in the laboratory, with special reference to the digestive system. Marine 
Freshwater Research 47:261-269.
Kelly, A.M., and C.C. Kohler. 1996. Sunshine bass performance in ponds, cages, and 
indoor tanks. The Progressive-Fish Culturist 58: 55-58.
Knapp, F.T. 1951. Food habits of the sergeant fish, Rachycentron canadus. Copeia 
1951(1): 101-102.
Kraul, S. 1991. Hatchery Methods for the mahimahi, Coryphaena hippurs at the Waikiki 
Aquarium. In: McVey, J.P. (Ed.), Handbook of Mariculture. Finfish Aquaculture, 
vol. II. CRC Press, Boca Raton, FL, USA, pp. 241-250.
Kraul, S. 1993. Larviculture of the Mahimahi Coryphaena hippurus in Hawaii, USA. 
Journal of the World Aquaculture Society 23(3): 410-421.
Lee, C.L. 1998. A study on the feasibility of the aquaculture of the southern bluefin tuna, 
Thunnus maccoyii, in Australia: Final Report -  December 1998. Agriculture 
Fisheries and Forestry -  Australia, Canberra ACT.
Lee, C.-S., A.C. Ostrowski. 2001. Current status of marine finfish larviculture in the 
United States. Aquaculture 200: 89-109.
Lee, W.Y., G.J. Holt, C.R. Arnold. 1984. Growth of red drum larvae in the laboratory. 
Transactions of the American Fisheries Society 113: 243-246.
Li, M.H., B.G. Bosworth, E.H. Robinson. 2000. Effect of dietary protein concentration
116
on growth and processing yield of channel catfish Ictalurus punctatus. Journal fo 
the World Aquaculture Society 31(4): 592-598.
Liao, I.C. In review. Candidate species for open ocean aquaculture: The successful case 
of cobia Rachycentron canadum in Taiwan. Publication consideration in “Open 
Ocean Aquaculture” World Aquaculture Society, Baton Rouge, Louisiana, U.S.A.
Liao, I.C., H.M. Su, M.Y. Chang. 2001. Techniques in finfish larviculture in Taiwan. 
Aquaculture 200(1-2): 1-31.
Lotz, J.M., R.O. Overstreet, and J.S. Franks. 1996. Gonadal maturation in the cobia, 
Rachycentron canadum, from the northcentral Gulf of Mexico. Gulf Research 
Reports 9(3): 147-159.
Lutz, C.G., W.R. Wolters, W.J. Landry. 1997. Red drum Sciaenops ocellatus Field
Trials: Economic Implications. Journal of the World Aquaculture Society 28(4): 
412-419.
Meilgaard, M., G.V. Civille, and B.T. Carr. 1991. Sensory evaluation techniques, 2nd 
Edition. Boca Raton: CRC Press LLC, 1991.
Meyer, G.H., and J.S. Franks. 1996. Food of the cobia, Rachycentron canadum, from the 
northcentral Gulf of Mexico. Gulf Research Reports 9(3): 161-167.
Miyashita, S., Y. Sawada, N. Hattori, H. Nakatsukasa, T. Okada, O. Murata, and H.
Kumai. 2000. Mortality of northern bluefin tuna Thunnus thynnus due to trauma 
caused by collision during growout culture. Journal of the World Aquaculture 
Society 31(4): 632-639.
Moerkoere, T., K.A. Roervik. 2001. Seasonal variation in growth, feed utilization and 
product quality of farmed Atlantic salmon (Salmo salar) transferred to seawater 
as 0+ smolts or 1+ smolts. Aquaculture 199(1-2): 145-157.
Nakamura, M., T. Kobayashi. X.-T. Chang, and Y. Nagahama. 1998. Gonadal sex
differentiation in teleost fish. The Journal of Experimental Zoology 281: 362-372.
Nankervis, L., S.J. Matthews, P. Appleford. 2000. Effect of dietary non-protein energy 
source on growth, nutrient retention and circulating insulin-like growth factor I 
and triiodothyronine levels in juvenile barrimundi, Lates calcarifer. Aquaculture 
191: 323-335.
Naylor, R.L., R.J. Goldburg, J. H. Primavera, N. Kautsky, M.C.M. Beveridge, J. Clay, C. 
Folke, J. Lubchenco, H. Mooney, and M. Troell. 2000. Effect of aquaculture on 
world fish supplies. Nature 405: 1017-1024.
117
Ogle, JT, L.C. Nicholson, D.N. Barnes, R.J. Shields, J.M. Lotz. 2001. Recent
developments in the culture of larval red snapper Lutjanus campechanus. 
Aquaculture 2001: Book of Abstracts, World Aquaculture Society, 143 J.M
Parker Coliseum Louisiana State University Baton Rouge LA 70803 USA, 2001, 
490.
Ostrowski, A.C. 2000. Dolphin (mahmahi) culture. In: Stickney, R.R. (Ed.), 
Encyclopedia of Aquaculture. Wiley & Sons, New York, pp. 232-239.
Pauly, D., V. Christensen, J. Dalsgaard, R. Froese, F. Torres Jr. 1998. Fishing down 
marine food webs. Science 279: 860-863.
Perry, D.M. R. Mercado-Aleen, and S. Burgh. 2001. Growth and culture of larval and 
juvenile tautogs in a closed recirculating-seawater system. North American 
journal of Aquaculture 63:3 00-305.
Postel, R.T., M. LaDoucer, D. Holbert, M.L. Gallagher. 1996. Texture and flavor of
hybrid striped bass fed soybean meal diets. Journal of Aquatic Food Technology 
5(2): 83-91.
Rasmussen, R.S., T.H. Ostenfield. 2000. Effect of growth rate on quality traits and feed 
utilization of rainbow trout (Oncorhynchus mykiss) and brook trout (Salvelinus 
fontinalis). Aquaculture 327-337.
Richards, C.E. 1967. Age, growth, and fecundity of the cobia, Rachycentron canadum,
from Chesapeake and adjacent mid-Atlantic waters. Transactions of the American 
Fisheries Society 96: 343-350.
Ricker, W.E. 1979. Growth rates and models. In W.S. Hoar, D.J. Randall, and J.R. Brett 
(eds.), Fish Physiology, Vol. VIII, p. 677-743. Academic Press, NY.
Roberts, D.E., Jr., Harpster, B.V., and Henderson, G.E. 1978. Conditioning and induced 
spawning of the red drum (Sciaenops ocellatus) under varying conditions of 
temperature and photoperiod. Proceedings of the World Mariculture Society 
9:311.
Ryder, J.A. 1887. On the development of osseus fishes, including marine and freshwater 
forms. Report of the U.S. Fishery Commission for 13 (1885): 489-604.
Sadler, J., P.M. Pankhurst, H.R. King. 2001. High prevalence of skeletal deformity and 
reduced gill surface area in triploid Atlantic salmon (Salmo salar L.). 198: 369- 
386.
Schreck, C.B., W. Contreas-Sanchez, M.S. Fitzpatrick. 2001. Effects of stress on fish 
reproduction, gamete quality, and progeny. Aquaculture 197: 3-24.
118
Shaffer, R.V. and E.L. Nakamura. 1989. Synopsis of biological data on the cobia
Rachycentron canadum. (Pisces: Rachycentridae). NOAA Technical Report 
NMFS 82, 21 p.
Shapiro, D.Y. 1992. Plasticity of gonadal development and protandry in fishes. The 
Journal of Experimental Biology 261: 194-203.
Smith, J.W. 1995. Life history of cobia, Rachycentron canadum (Osteichthyes: 
Rachycentridae), in North Carolina waters. Brimleyana 23:1-23.
Steffens, W. 1997. Effects of variations in essential fatty acids in fish feeds on nutritive 
value of freshwater fish for humans. Aquaculture 151: 97-119.
Stottrop, J.G. 2000. The elusive copepods: their production and suitability in marine 
aquaculture. Aquaculture Research 31:703-711.
Su, M.-S., Y.-H. Chien and IC. Liao. 2000. Potential of marine cage aquaculture in 
Taiwan: cobia culture. In Cage Aquaculture in Asia: Proceedings of the First 
International Symposium on Cage Aquaculture in Asia Ed. IC. Liao and C. Kwei 
Lin, pp. 89-98. Asian Fisheries Society, Manila.
Thomas, P., N.W. Boyd. 1989. Dietary administration of an LHRH analogue induces 
spawning of spotted seatrout (Cynoscion nebulosis). Aquaculture 80: 363-370.
Trotter, A.J., P.M.. Pankhurst, P.R. Hart. 2001. Swim bladder malformation in hatchery- 
reared striped trumpeter Latris lineata (Latridae). 198: 41-54.
Tucker, Jr., J.W. 1998. Marine fish culture. Norwell, MA: Kluwer Academic Publishers,
1998.
Van Eenennaam, J.P., and S.I. Doroshov. 1998. Effects of age and body size on gonadal 
development of Atlantic sturgeon. Journal of Fish Biology 53: 624-637.
Watanabe, W.O., S.C. Ellis, E.P. Ellis, W.D. Head, C.D. Kelley, A. Moriwake, C.-S. Lee, 
P.K. Bienfang. 1995. Progress in controlled breeding of Nassau grouper 
(Epinephelus striatus) broodstock by hormone induction. Aquaculture 138: 205- 
219.
Wirth, F.F., E.J. Luzar. 2000. A scale measure of state regulatory climate toward finfish 
aquaculture. Journal of the World Aquaculture Society 31(4): 545-557.
Yeh, S.-H. 2000. Cobia culture in Taiwan {Rachycentron canadum). The Advocate, April 
2000, p. 67.
Zar, J.H. 1996. Biostatistical analysis. Upper Saddle River, New Jersey: Prentice Hall, 
1996.
119
Zohar, Y., C.C. Mylonas. 2001. Endocrine manipulations of spawning in cultured fish: 
from hormones to genes. Aquaculture 197(1-4): 99-136.
120
VITA
David Patrick Kilduff
Bom in Alton, Illinois, 16 April 1976. Graduated from B.T. Washington High School in 
Pensacola, Florida in 1994. Graduated from the University of West Florida in Pensacola, 
Florida with a B.S. in Biology in May of 1998. Entered the M.S. program in Fisheries 
Science at the Virginia Institute of Marine Science, College of William and Mary in 
August of 1999.
